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16.1 _ Introduction

16.1.1 Damascene Process

Formation of interconnect circuitry for integrated circuits (IC) or other electronic components is
normally accomplished through either subtractive or additive processing. In subtractive processing,
a continuous layer of metal is deposited on a dielectric substrate. The interconnect circuit pattern is
then generated by etching away undesired metal, usually as defined by a photoimaged resist pattern.
Interconnects for IC’s have traditionally been formed by subtractive dry etching of blanket aluminum
alloy films to produce the desired circuit lines as defined by a photoresist pattern. In a standard additive
process, a circuit pattern is generated in photoresist laminated onto a thin metal seed covering a dielectric
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16-2 Handbook of Semiconductor Manufacturing Technology

surface. Metal is next deposited, usually by electroplating, on the seed surface which is defined by the
resist pattern to form full-thickness metal lines. Finally, the resist and seed layer are removed leaving only
the metal circuit pattern. Additive processes have traditionally been used in high-end printed circuit
board and flexible circuitry applications.

A unique variety of additive processing, known commonly as the damascene process, was introduced
by IBM [1-3] in the 1990s as a means for the formation of copper IC interconnects. Using this process,
a line or via pattern is defined by photo-processing and this pattern is etched into a dielectric layer.
Following etching of the dielectric, the photoresist is removed and a copper diffusion barrier, such as
tantalum, and a copper seed layer are sequentially deposited on all surfaces of the dielectric. The seed
layer provides the conductivity across the wafer necessary for the electroplating process, as well as a
surface upon which nucleation of the electroplated film can begin. Copper is then electroplated to
form the desired circuitry by filling the seeded recesses in the dielectric [4]. Using this process,
however, copper is also electroplated on the entire surface of the wafer as a continuous film. This excess
copper is removed in a subsequent chemical mechanical polishing (CMP) step to define the circuit
pattern. A variation of the damascene process, known as the dual damascene process, has been widely
implemented as the most cost-effective means of producing copper interconnect circuitry. Using dual
damascene processing, a via layer and an interconnect line layer are sequentially photoimaged and
etched prior to seeding and plating. This eliminates several process steps compared to either two single
damascene process steps or traditional subtractive aluminum processing with tungsten vias. The dual
damascene plating sequence is illustrated in Figure 16.1.

16.1.2 The Need for Copper

The cost savings associated with the copper dual damascene process sequence may be significant in some
applications, however, the transition from aluminum to copper interconnects has been driven primarily
by three technical reasons [1-3]. First, the resistivity advantage of copper over aluminum has signifi-
cantly reduced RC delay times in advanced logic devices, as well as allowed for smaller line dimensions

Copper seed
Barrier

! +— Dielectric

+— Lower Cu metal level

4+— Plated Cu overburden

0.4-4 um
Copper plate ( um)

CMP

Plated Cu line (0.2-4.0 m thickness)
Plated Cu via (0.2-0.9 m depth)

FIGURE 16.1 Damascene line formation sequence.
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without increased heat generation. Second, as circuit dimensions decrease and line current densities
increase the Electromigration (EM) life advantage of copper relative to aluminum becomes critical in
ensuring device life. Finally, the extendibility of aluminum etch to circuit dimensions below 0.10 pm has
been difficult, while damascene processing of copper is easily extendable below these dimension. Taken
together, the advantages of copper interconnects result in interconnect solutions with flexibility to
achieve improved EM life, higher device speed, less heat generation, and fewer interconnect metal levels
depending on specific requirements. As a result of these advantages, nearly all high performance logic
devices have made the transition to copper, as of 2004 [5].

16.1.3 Alternatives to Electrodeposition for Damascene Applications

Electrodeposition on a physical vapor deposition (PVD) seed layer to form dual damascene circuits was
not initially recognized as a preferred means of copper interconnect formation. Early development of
copper interconnect formation concentrated on chemical vapor deposition (CVD) [6,7], electroless
copper deposition [8,9], and PVD [10] methods. In some cases, these methods were combined with each
other or with copper reflow processes [11] as a means for deposition of seed layers or bulk copper films.
Nearly all studies concluded that optimum adhesion of copper to barrier films was obtained using PVD
copper deposition, thus necessitating the use of PVD copper as an initial seed layer. For bulk copper
deposition, electroless, and CVD processes available resulted in a conformal film of copper within features
and on the wafer surface. As shown in Figure 16.2, this can lead to a seam or void in the center of copper
lines if the dielectric etch profile is re-entrant or near vertical. Such seams present reliability concerns in a
metal such as copper, which can undergo EM. As also shown in Figure 16.2, PVD processes result in large
voids within features when used for bulk copper deposition owing to the geometric limitation of metal
flux into the feature relative to the flux on the field. While very high pressure and temperature have been
shown to reflow copper into features, this approach has not been put into practice.

By providing a continuous film across the wafer surface and within features, PVD copper seed meets
the basic requirement of electrical continuity needed for subsequent copper electrodeposition.
Subsequent electrodeposition processes would be expected to yield conformal film deposition and
seam voids as observed for CVD or electroless copper plating, however, it was recognized that copper
electrodeposition using certain organic additives could result in accelerated copper growth from the base
of high aspect ratio (AR) features resulting in void-free filling as shown in Figure 16.2. This capability of
void-free filling, along with the near bulk resistivity value of the plated Cu and the relatively low cost of
electrodeposition, led to its selection for interconnect formation.

CvD PVD Electroplating

FIGURE 16.2 Profiles of copper deposits in high aspect ratio features formed using CVD, PVD, and electroplating
processes.
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16.1.4 Cu Electroplating Evolution and Applications

Electrodeposition of metal is performed by immersing a conductive surface in a solution containing ions
of the metal to be deposited. The surface is electrically connected to an external power supply and current
is passed across and through the surface to be plated causing reaction of the metal ions (M* ") of charge
(z) with electrons (e~ ) to form metal (M):

M*" + ze” = M. (16.1)

Copper electrodeposition from sulfate solutions was first investigated in the early 1800s [12].
Important industrial applications since that time have included flatware plating, wire, and foil formation,
and printed circuit and connector formation. Concurrently, the relatively simple reaction kinetics of
cupric ion reduction in sulfate solutions resulted in its use as the standard chemistry for most early
fundamental electrochemical studies. Recently, interest in copper plating as a method of forming IC
interconnects has increased. The evolution of activities related to copper electradeposition is summarized
in Figure 16.3.

16.1.5 Cu Deposition for Damascene Applications

In the case of electrodeposition of copper onto a silicon wafer, the wafer is typically coated with a
50-300 A thick Tantalum based diffusion barrier and a 300-2000 A thick copper seed layer prior to
plating, The seed layer should have acceptable adhesion to the barrier layer, provide adequate
conductivity across the surface of the wafer, and be continuous with full coverage in high aspect ratio
features to be filled during the plating process. As illustrated in Figure 16.4, the seeded wafer is immersed
in a solution containing cupric ions, sulfuric acid, chloride ion and proprietary additives. Electrical
contact is made to the seed layer and current is passed such that the reaction Cu®* +2e ™ —Cu(O)
occurs at the wafer surface. The wafer is referred to as the cathode. Another electrically active surface,
known as the anode, is present in the conductive solution to complete the electrical circuit. At the anode,
an oxidation reaction occurs which balances the current flow at the cathode, thus maintaining electrical
neutrality in the solution. When a copper anode is used during copper plating, all cupric ions removed
from solution by deposition onto the wafer are replaced by dissolution of the anode.

In the absence of any secondary reaction, the current delivered to a conductive surface during
electroplating is directly proportional to the quantity of metal deposited (Faraday’s law of electrolysis),

W = ItA,,/nF (16.2)

where W, weight of deposit in grams; ¢, time in seconds; I, current in Amperes; F, Faraday constant
(96,500 C/eq); n, number of electrons transferred per atom deposited; A,,, atomic weight.

Using this relationship, the mass of Cu deposited can be readily controlled through variations of
plating current and time. :

With no applied potential and no imposed current flow across the interface between a metal and a
solution, an equilibrium potential exists between the two. This potential is often known as the rest
potential. Once potential is shifted from the equilibrium potential by an external power source, a current
will be driven across the interface. Under conditions typical of most plating processes, this current
density (I) is approximated by an exponential relationship known as the Tafel equation.

I = ;[ " FWRT) (16.3)

where i, exchange current density; o, charge transfer coefficient; 1, applied potential (V); T, absolute
temperature; R, gas constant,

Figure 16.5 shows a current-potential curve typical of a copper deposition process. As potential
applied to the wafer is scanned from the equilibrium potential to more negative values, the current
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Cfalhodle Cut+2e = CU(U)
(wafer)

Copper anode Cu(0) = Cu?*+2e

One copper atom deposited for every two electrons delivered

FIGURE 16.4 Schematic diagram of copper electroplating cell.

increases in an exponential manner (Tafel region) where the overall deposition rate is determined largely
by charge transfer or reaction rate kinetics at the cathode. This strong dependence of current upon
potential results in the need for plating cell designs which yield uniform potentials across the
wafer surface.

As the potential continues to increase, mass transfer limitation on current gradually becomes
dominant and a limiting current plateau is reached. At the limiting current species reacting at the
cathode (Cu*™) no longer reach the interface at a rate sufficient to sustain the rate of reaction possible at
a high applied potential. As a general rule, plating processes are operated at currents no greater than
30%-50% of the limiting current in order to avoid undesirable deposit characteristics.

140
120t Limiting current —— ]
NE 100} .
<
E 80t 1
2z
s 60r il
=l
=
2 40F  Equilibrium p -|
3 potential
20+ -
Tafel region
o - -
50 0 -50 -100 -150 -200 -250 300
Potential (mV)

FIGURE 16.5 Current—potential relation for Cu electroplating.
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To ensure that the rate of mass transfer of electro-active species to the interface is large compared to the
reaction rate, and uniform across the wafer surface, the rates of cupric ion migration, diffusion, and
convection must be understood and controlled. During wafer electroplating, convection must be
accurately controlled while diffusion and migration are characteristic of a process but not normally
controlled. Mass transfer due to convection can vary from stagnant to laminar or turbulent flow
depending on hardware configuration. Convection includes impinging flow caused by solution pumping,
flows due to substrate movement, ultrasonics, and flows resulting from density variations.

Electroplating can be carried out using a constant current, a constant voltage, or waveforms involving
variable current or voltage. Using a constant current, accurate control of the mass of deposited metal is
most easily obtained based on Faraday’s law. Plating at a constant voltage and using variable waveforms
requires more complex equipment and control, but can be useful in tailoring specific thickness distribu-
tions and film properties. A constant voltage also allows deposition at a uniform current density while
plated surface area changes.

Copper plating bath components include sulfuric acid, copper sulfate, chloride ion, and trace organic
additives [12,13]. Copper sulfate is added to baths to maintain the concentration of cupric ions in the
range of 10-70 g/L. Low concentrations of cupric ion are utilized to obtain optimum thickness distri-
bution control [14]. High cupric ion concentrations allow generally higher plating currents (deposition
rate) and thus can allow increased throughput. Sulfuric acid concentrations up to 300 g/L can be utilized.
High acid concentrations are often chosen to provide high solution conductivity and thus reduce electric
field variability in the bath. A uniform electric field is essential to obtain a uniform current density and
deposition rate [15]. Low acid concentrations uniformly increase bath resistance between the wafer and
the anode and thus reduce the relative impact of seed resistance on current flow across the wafer. This
reduces center-to-edge deposition rate variability on thin seeds which otherwise tend to plate more
rapidly near the wafer edge where electrical contact is made [16,17]. Chloride ions are present in the bath
at concentrations in the range of 30-100 mg/L.

Complex mixtures of organic chemicals are added to copper plating baths to influence deposit
metallurgy and deposit thickness distribution, A typical additive mixture contains one or more chemicals
which act to increase the current at a given voltage (accelerators), and at least one other class of molecules
that act to reduce current at a given voltage (suppressers). Together, and at proper concentrations,
these additives largely determine the desired filling behavior, grain structure, and purity of the deposited
copper and as a result control ductility, hardness, surface roughness, stress, and tensile strength.

Primary responses to be considered during process optimization for copper electroplating of IC
interconnects include filling performance, within die uniformity, within wafer uniformity, grain size,
copper electromigration behavior, defects in the deposited film, and defects in the circuitry following
CMP. Variables that will impact these responses include concentrations and types of accelerators,
suppressors, and leveler, concentrations of chloride ion, copper, and acid, and other parameters such as
flow, temperature, current density, and current waveform [18,19]. Achievement of robust filling
performance required for a given product usually determines the general parameter space over which
all responses must be investigated by process window experiments.

In order to fully fill high aspect ratio features with copper during electroplating, it is essential that the
plating process proceed at an accelerated rate within the features compared to the rate on the surface of
the wafer. This super-filling behavior is achieved by selection of organic additives which suppress the
plating rate on the surface of the wafer relative to the rate within the feature. Differences in plating rate
between the surface and feature base have been attributed to the slower mass transfer rate of current
suppressing additive species into the features compared to the mass transfer rate to the surface. More
recent filling models are based on the gradual accumulation of current accelerating species within high
aspect ratio features as their internal surface area decreases during initial plating [18-21].

Figure 16.6 shows a typical sequence in which a high aspect ratio via with a thin copper seed layer is
filled with electroplated copper. Initially the seed layer coverage within the via is only a few hundred
angstroms thick, while the thickness on the wafer surface is over 1000 A. Following electrodeposition for
10 s, the copper growth rate on via sidewalls is approximately equal to the growth rate on the wafer
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10 sec 20 sec 30 sec

- 100 nm —d U
x40,000 6 mm CEA 3.0KU

FIGURE 16.6 Deposition of copper in 0.3 pm vias as a function of plating time at a current density of 10 mA/cm®,

surface and the growth rate at the base of the via has accelerated. Both of these aspects of initial growth
behavior are required for successful filling of damascene features by electrodeposition. Initial nucleation
and growth on all surfaces is necessary to prevent sidewall void formation, and accelerated growth at the
feature base is required to achieve complete fill prior to pinch-off of the feature due to conformal growth
at the feature neck. Fill continues from the bottom up, until it is complete after about 30 s. Depending on
the organic additives and the current waveform, accelerated growth may continue after filling is
complete. This leads to an excessive deposit thickness over superfilled features and increases the difficulty
of the subsequent CMP process.

Copper can also be deposited from solutions using electroless and immersion deposition [8,9].
Electroless deposition is analogous to electroplating in many respects, however, the electrons required for
cupric ion reduction are supplied by chemical reactions involving a reducing agent such as formaldehyde,
thus eliminating the need for power supplies and electrical connection to plated surfaces. Immersion
plating takes place when metal ions in solution are reduced to form metal atoms on a surface which itself
is oxidized to supply the required electrons, thus limiting this method to very thin film depositions on
readily oxidized surfaces. These processes have not been implemented in damascene applications.

16.2 Fundamentals of Electroplating

16.2.1 Kinetics

The relationship equating electromotive force (EMF) or voltage to free energy of an electrochemical
charge transfer reaction in solution is given by Equation 16.4:

E, = —AG/nF : (16.4)

where Eg, standard EMF of cell reaction (Cu®*+2e~ =Cu) (V); n, number of electrons per atom
reacted; F, charge on a mole of electrons (Faraday constant, C/mol); AG, free energy of reaction (J/mol).
The units of the terms in this equation are seen to be equivalent since

V = J/IC = (J/Mol)/{(electrons/atom)(C/Mol)}.

The standard EMF for an electrochemical reaction such as Cu®" +2e ™ =Cu must be expressed as a
voltage relative to some other reaction as explained in detail in electrochemistry textbooks [22]. It has
been found that a convenient and reproducible reference voltage (NHE) is created by the reaction of

Ex. 1010 - Page 10



Damascene Copper Electroplating 16-9

_Reaction . Reduction potential vs NHE
Aut +e = Au _ 1.68
0, + 4H* + 48" = 2H,0 _ 1.229
Pt?* +2e- =Pt 1.2
Ag*+e =Ag . 0.799
, Cu?* +2e"=Cu _ 0.345
2H* + 26 =H, _ 0
Pb%* +2e=Pb | -0.126
S + 267= Sn | o134
Ni?* + 2e7= Ni _ -0.23
Co?* +2e=Co _ -0.28
Cd** +2e =Cd : -0.403
Fe?* + 26" =Fe -0.409
2H,0 + 2e = H, + 20H" -0.827
Tt + 28 =Ti _ -1.63
AP+ + 30" = Al -1.76
Na*+e =Na -2.71

FIGURE 16.7 Electrochemical series of standard E, values for reduction of metal ions.

hydrogen gas to form hydrogen ions and electrons on a platinum electrode surface. Based on the
definition of the EMF for the hydrogen oxidation reaction as 0.00 V, the standard reduction potentials
(E,) of several metals at 1.0 M solution concentration are given in Figure 16.7. Equilibrium reduction
potentials (E) for divalent metal ions shift by about 29 mV per decade of metal ions activity [O] change
from the 1.0 M reference point according to the Nernst equation:

E = E, + (RT/nF)In[O] (16.5)

where [O], molar concentration of oxidized species.

Metals that are thermodynamically unstable, such as sodium, exhibit negative potentials for reduction
of the ion to the metal. The negative potentials correspond to a relatively non-spontaneous positive free
energy of reaction. Noble metals, such as gold, which are thermodynamically stable, exhibit positive
potentials for reduction of the ion to the metal. The positive potentials correspond to a negative free
energy of reaction. As illustrated in Figure 16.8, when a potential more negative than the E; value of a
metal/ion couple is applied at a surface immersed in a solution containing ions of the metal, reduction of
the metal ion to the metal takes place. This is an electroplating process. In the convention normally used
for electroplating, the electrons supplied for the metal ion reduction constitute a positive current flow. If
the potential is held at the E; value no current will flow, while if the potential is held at a value more
positive than E, the metal will thermodynamically favor dissolution to metal ions resulting in a negative
current flow. Numerous factors can influence the rates of reduction and oxidation reactions as the
potential of an interface is moved away from E;. Kinetically fast reactions can allow current to increase
sharply with applied voltage changes of less than 50 mV, while slow reactions require larger applied
voltages to drive substantial current. Typical electroplating reactions take place at applied interfacial
potentials of several tenths of a volt relative to their E; value.

Using standard electrochemical conventions, the applied voltages which result in a substantial current
flow corresponding to metal ion reduction becomes increasingly negative as the metal ion to be reduced
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Current
(reduction)

: Applied voltage
0 vs. NHE

) 0 T = ()
E

(oxidation)

FIGURE 16.8 Current as a function of applied potential for metal ion reduction and oxidation at metal surface with
high and low degrees of charge transfer resistance.

becomes less noble (see Figure 16.9). When an electrolyte contains several metal cations which can be
electroplated onto a cathode, the voltage which is applied will determine which reactions proceed. As
shown in Figure 16.9, a voltage of about —0.3 V relative to Normal hydrogen electrode (NHE) will cause
cupric ion reduction. At this applied voltage, free metal ions such as Pt and Ag will also undergo
reduction. Ions in solutions such as Ti will not be reduced, and water itself is stable. As a result of this
behavior, copper deposition can be carried out in practical systems containing significant levels of metals
such as Na, K, Ti, Ca, Fe, and Mg, which are difficult to reduce without resulting in significant deposit
contamination. Electrolyte contamination with Ag, Au, or other noble metals will result in their
co-deposition when copper plating is carried out.

Current (A)

P2+ + 2e” = Agt+e =Ag Cu®**+2e =Cu 2H,0+2e =H,+20H"

ITr

1.2

Voltage (V) vs. NHE

FIGURE 16.9 Current—potential characteristics for reduction of several metal ions and water.
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Although plating is normally performed at controlled currents, it is convenient to express current flow
at a given point on the cathode surface as a function of applied voltage, interfacial kinetics, and mass
transfer using the relationship:

I —_ in[O(u.f)]EmnF‘E.TEFRT (16.6)

where E, =1+ E, applied potential at metal/solution interface; Oq,¢, oxidized species concentration at
the interface at a given time and other terms are as defined previously. While this equation is generally
difficult to solve, it accurately reflects the effects of applied interfacial potential, concentration of the ion
at the interface, and inherent interfacial kinetics on the reduction current at a given point on a surface.

Increases in applied potential result in exponential increases in the deposition current at a given
interfacial ion concentration and exchange current. In this respect, the current dependence on potential
can be considered analogous to a reaction rate dependence on temperature in an Arhennius equation.
Alternatively, the interface can be considered as a resistance element in an equivalent circuit, which
decreases in value as the applied voltage increases.

The exchange current determines deposition current sensitivity to applied voltage and interfacial
concentration changes. Large exchange currents, which correspond to very rapid and usually reversible
metal reduction charge transfer kinetics, result in strong dependence of the deposition current on mass
transfer and applied potential. A comparison of exchange current impact on deposition current sensitivity
to applied potential is illustrated in Figure 16.8. In copper plating systems, the exchange current can be
reduced by deposition at lower temperatures and use of organic additives, which slow kinetics.

The current flow at a given point on the surface is proportional to the concentration of metal ions at
the interface regardless of other factors. The interfacial concentration is typically increased by faster mass
transfer and higher bulk concentrations of metal ion in solution. Figure 16.10 illustrates metal ion
concentration profiles as a function of distance from the cathode at different mass transfer rates assuming
a fixed current density. Faster mass transfer corresponds to a higher interfacial ion concentration and a
shorter distance from the interface at which the bulk ion concentration is reached. Plots of the cupric ion
deposition current density as a function of applied potential are shown in Figure 16.11 for several
rotating disk electrode rotation rates. The range of rotation rates includes the range of mass transfer
conditions normally employed during wafer processing. At low applied potentials or current, a relatively

Cupric ion
concentration

B feancass L F ARy O TR R oL o ST e
R

--------- Strong agitation profile
Weak agitation profile

"""""" Bulk concentration

0 5.0 10.0

Distance into solution from cathode (um)

FIGURE 16.10 Cupric concentration profiles in solution at fixed current.
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Current : o
(mA/cm?) Base electrolyte with no additives
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120
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FIGURE 16.11 Effect of mass transfer on I-E relationship.

small dependence of the current density on the mass transfer rate is seen. Gradually, as applied potential
or current is increased and larger concentration gradients develop between the interface and the bulk
solution, the dependence of the current density on the mass transfer rate increases.

Thus, based on Equation 16.6, uniform deposition rates across large surfaces such as wafers can
best be generated using uniform mass transfer and applied potential conditions across the wafer
surface. Selection of process conditions with a relatively low exchange current will also enhance
thickness uniformity.

16.2.2 Mass Transfer

Mass transfer of metal ions in electroplating solutions takes place as a result of convection, diffusion,
and migration mechanisms. Convection includes ion movement as a result of pumping of plating
solution to achieve directed flow, mechanical agitation or rotation, ultrasonics, and as a result of
thermal gradients. In electroplating systems, convection due to pumping and mechanical agitation is
usually primarily responsible for maintaining equilibrium concentrations of species across distances
much greater than a distance of about 1 mm. Both laminar or turbulent flow are common, with
laminar flow generally desired except when very high rates of mass transfer are required to achieve a
high current density and rate of deposition. Increasing convection decreases the thickness of the
stagnant diffusion layer at the cathode interface. Typical diffusion layers, across which diffusion and
migration of the cupric ions are the primary means of mass transfer, range from a few microns to about
100 wm in thickness.

Migration is the movement of ions which takes place as a result of the potential gradient applied across
a solution between the anode and the cathode during plating [22]. As a result of migration, cations will
move toward the negatively charged cathode and anions will move toward the positively charged anode.
In the bulk of the plating solution, the amount of mass transfer due to migration is negligible. However,
near the interface where convection is small, migration of a metal ion can become significant when the
charge carrying capacity of the metal ion in solution becomes significant compared to the charge carrying
capacity of other ions in solution. This condition takes place when the transport number for the metal
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ion, T}, as given in Equation 16.7, becomes a significant fraction of 1.0.
P e
: Z szxD.t

C,,Cx, concentrations of metal ion and other ionic species respectively; Z;,Z,, charge of metal ion
and other ionic species respectively, D;,D,, diffusion coefficient of metal ion and other ionic
species respectively.

[n typical copper plating applications, the high concentration and diffusion coefficient of hydrogen
ions result in its domination of charge migration behavior. This results in relatively small amounts of
migration of cupric ion toward the interface compared to the rate of diffusion, In plating solutions with
very low amounts of hydrogen ions, however, mass transfer of cupric ion toward the interface can be
increased due to migration.

Diffusion, the movement of ions in solution across a concentration gradient, is relatively fast across
distance scales such as the dimension of IC features or the stagnant interfacial diffusion layer. Fur cupric
ion, a diffusion coefficient of 510" cm ' [23] results in a 0.1 ms time for diffusion across a 0.1 pm
distance, and a 1.0 ms time for diffusion across a 10 pum distance. The short times for diffusion across
these distances result in ample replenishment of cupric ion within high aspect ratio features during a
typical 5-20 s filling process even though the volume of solution containing sufficient cupric ion to form
the copper metal deposit in a feature is 200-400 times the feature volume.

(16.7)

16.2.3 Geometry Effects on Local Kinetics

So far, the deposition process has been considered as if it were taking place at a single point or assuming
that all points on a surface are equivalent. Although the basic kinetic and mass transfer behavior can be
consistent across a surface, the actual interfacial voltage, which drives the deposition reaction usually
varies with position on the surface [24-26]. For example, the interfacial voltage may be different at the
center and the edge of a wafer for several reasons. The variation of the interfacial voltage across a plated
surface can be broken in to four classes of behavior. First, if part of a plated surface is closer to the anode
than anather part of the plated surface, then the voltage drop through the solution from the anode to the
closer cathode surface is smaller and more voltage is available to drive the deposition reaction at the
closer surface. A higher current on the surface closer to the anode results. This behavior is utilized in Hull
cell testing to conveniently observe plated deposit appearance across a wide range of current densities, but
is not usually a factor in well designed plating cells which maintain a constant anode to cathode distance.
Second, the edge of a plated surface will normally plate at a higher rate than an adjacent continuous
surface. This behavior is often characterized as a field or antenna effect, however, it is more accurate to
consider that the ohmic voltage drop from an anode through solution to an edge will be less than the
corresponding voltage drop from the anode to a non-edge surface. Edge effects can be prevented by using
a plating cell with internal wall dimensions defined by an insulating cylinder of internal dimension equal
to the wafer diameter. Third, when plating only part of a surface to form a defined pattern, there are often
variations in the density of plated surface area relative to dielectric covered or non-plated area. In this
case, the areas of lower plated density will plate more quickly than dense areas. This effect is similar to
edge (antenna) behavior and result as a higher available interfacial voltage is possible due to a reduced
voltage drop through the bulk of the solution in the less dense pattern area. Normal pattern density
effects are not observed in damascene plating since all surfaces are plated, however, an inverse effect due
to the high plated surface area within features is possible in high circuit density areas of the wafer before
feature fill is complete. Pattern density and edge effects on thickness distribution can be reduced by using
highly conducting electrolytes and low plating currents, both of which reduce voltage drop variability in
solution. Fourth, a resistive voltage drop across the anode or the cathode itself can result in higher
interfacial voltages and plating rates at surfaces nearest an electrical connection to the power supply.
In damascene electroplating this is known as the terminal effect and will be described in greater detail in
the section covering damascene plating thickness distribution control.
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16.3 Damascene Cu Electroplating Chemistry

16.3.1 Electrolytes

Considerations for choosing an electrolyte include solution conductivity, wetting and oxide dissolution
ability, rate of dissolution of the copper seed layer in the solution, adequate cupric ion concentration to
support high current density, diffusion and migration behavior of the solution, solubility and activity
of additives, cost, and waste treatment capability. To date, electrolytes commonly used for damascene
copper applications contain sulfuric acid as a supporting electrolyte, copper sulfate pentahydrate as a
source of cupric ions, and chloride ion to modulate cupric ion oxidation and reduction reactions. Among
the numerous electrolytes used for non-damascene Cu plating applications [12], damascene related
evaluations of as methane or propane sulfonic acid/copper sulfonate, and copper pyrophosphate
electrolytes have been reported [18].

The sulfate based electrolytes for damascene applications can be divided into three categories based on
their composition and performance as summarized in Table 16.1. High acid electrolytes (175 g/L acid,
17.5 g/L Cu) were initially introduced for all damascene applications based on their high solution
conductivity and resulting ability to reduce field or edge effects on thickness distribution in various
plating cell geometries. The demonstrated manufacturability of the high acid baths for high-end printed
circuit board applications was also considered. High acid solutions were also well suited for use with
existing additives and were especially effective in rapidly dissolving copper oxide present on the seed layer
prior to plating.

As damascene plating evolved, requirements for higher throughput, reduced seed dissolution, and
deposition of uniform films on thinner and more resistive seed layers gradually increased. Low acid
and intermediate acid or highly saturated electrolytes were introduced to address these issues. In low
acid electrolytes, the concentration of sulfuric acid is reduced to about 10 g/L, resulting in a sharp
solution resistance increase. While this is detrimental to antenna or edge effects on thickness
distribution, the increase in solution resistance reduces the importance of seed layer resistance and
improve can the thickness distribution across the wafer. In addition, when the sulfuric acid
concentration is reduced, more cupric ion can be added to the electrolyte without exceeding the
solubility product of cupric sulfate. Concentrations of cupric ion in low acid electrolytes that are
usually 40 g/L or higher allow deposition at relatively high current density without depletion of cupric
ion at the interface. Finally, the low concentration of hydrogen ion in these baths begins to result in
migration of cupric ion toward the cathode interface (see Equation 16.7). This helps to maintain a high
interfacial cupric ion concentration, although the effect still tends to be small compared to the rate of
cupric ion diffusion. Potential concerns with low acid electrolytes include the performance of additives
and the rate of copper oxide dissolution upon wafer immersion in the bath. The capability of additives
to generate bottom-up fill becomes poor as the acid concentration is decreased below about 5 g/L,
probably due to increased ionization and solubility and decreased adsorption of the disulfonic acid
accelerator molecule.

A compromise between the low and high acid electrolytes, which has been investigated and
occasionally used for damascene plating is often called intermediate acid. Typical compositions
contain from 20 to 60 g/L of acid and 28 to 70 g/L of copper. The more saturated solutions approach
the solubility of copper sulfate in water. This reduces the dissolution of copper seed compared to high

TABLE 16.1 Electrolytes for Domascene Electroplating

Bath Type Cupric Ton (g/L) Sulfuric Acid (g/L) Chloride (mg/L) Bath Temperature
High acid 15-20 150-200 215-75 20-30
Low acid 35-70 =20 25-75 20-30
Intermediate acid 30-70 20-60 25-75 20-30
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and low acid electrolytes, and can result in improved nucleation and bottom-void performance on thin
copper seeds. Except for the loss of thickness distribution control across highly resistive seeds achieved
using lower acid concentration, these electrolytes generally result in good on-wafer performance.
Drawbacks of concentrated electrolytes include the formation of excessive amounts of copper sulfate
crystals on tool surfaces due to evaporation, and a tendency for anode passivation since the copper
sulfate solubility product can be exceeded near the anode surface as cupric ion dissolves and results in a
locally high concentration.

Chloride ions, added as HCI, are present at concentration of 20-100 ppm in all sulfate baths used in
damascene applications. Nominal concentrations are usually close to 50 ppm. Although chloride ions are
considered to be part of the electrolyte, the primary requirement for their addition to solution is based on
interactions with the organic additives required to achieve desired metallurgy and fill performance. By
itself, chloride ion adsorbs strongly on the plated Cu surface and provides a charge transfer site which are
slightly catalytic or depolarizing in sulfate electrolytes [27]. With the organic polymer suppressor additive
present, however, interaction between the adsorbed chloride ion and the suppressor results in formation
of a well-adsorbed polymer film which blocks interfacial charge transfer and is therefore highly polarizing
[28-31]. Current suppression on the wafer field by this mechanism is essential to achieve bottom-up fill.
In addition to the interaction with the suppressor, more recent work [32] has shown that the chloride ion
interacts with the accelerator additives in charge transfer reactions during cupric ion reduction. Finally, a
uniformly defect-free and smooth plated surface and desired metallurgy are achieved only using chloride
ions along with organic additives.

Chloride ions have been reported to serve other functions such as anode depolarization, or to enhance
formation of anode films [12], but the importance of these effects is not clear in damascene applications.
Bromide ions are known to have effects similar to those of chloride ions in sulfate baths, however,
bromide ions are not used with any commercially available additive systems. Iodide ions are insoluble in
copper sulfate baths and therefore have little effect.

16.3.2 Organic Additives

Organic additives are added to copper sulfate plating solutions to achieve the desired metallurgy, defect,
thickness distribution, reliability, and fill performance. The terminology used to describe these additives
has varied among chemical suppliers and has sometimes been confusing and not related to the specific
function or structure of an additive. Here, the additives are referred to as accelerator, suppressor, and
leveler species based on the primary function of each of the three additive types.

Accelerators are defined as species which increase the current at a given applied voltage when they are
added to a plating bath containing other additives. Accelerators are commonly added to the electrolyte
as the sodium or potassium salt of dimercaptopropane sulfonic acid (SPS) at concentrations in the range
of 2-20 ppm. The structure of the accelerator molecule, as shown below, results in unique adsorption
properties and interactions with the cupric ion reduction process.
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In general, sulfide, and thiol like functional groups result in very strong adsorption on copper, gold,
and similar metal surfaces [33]. In the case of SPS, the (-C-S-5-C-) portion of the molecule is believed
to interact with the copper surface and result in strong adsorption. Normally, strongly adsorbed thiols
or sulfides are rapidly incorporated in a plated film, resulting in a short lifetime on the copper surface and
high levels of sulfur and carbon in the plated films. With SPS, however, the disulfonic acid functional
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group of the molecule is highly soluble in the plating solution. This characteristic may inhibit
incorporation in the plated film, and almost indefinitely extend its lifetime on the plated copper
surface. While on the copper surface, SPS and its related monomer, mercaptopropone sulfonic and
(MPS), are believed to act as charge transfer sites with a lower energy for the rate limiting step of Cu® " to
Cu™ reduction [34-38].

S0;3-C-C-C ... Cu?*
g e—— OU(SC) g 3 cuo)

........................................................................................................................

Cu Cathode surface

Based on the adsorption and charge transfer properties, and the observation that catalytic properties
can be imparted by pre-dipping in SPS and MPS containing solutions, these molecules are believed to
behave as catalysts participating repeatedly in cupric ion reduction reactions [38]. At the low solution
concentrations normally used during plating, the catalytic activity of the molecule can increase with time
as accumulation on the plated surface continues [39]. The accumulation of this molecule is also the basis
for rapid bottom-up filling and the subsequent overplating as will be discussed in the feature fill section.

The accelerator molecules are subject to a variety of oxidation and reduction reactions at the cathode
and the anode [40,41] and can form several by-products and complexes with cupric or cuprous ions.
Most of these species are unstable and eventually decompose to form propane sulfonic acid or
insoluble molecules.

Suppressors are defined as species which adsorb to reduce the current density at a given applied voltage
as they are added to a plating bath containing accelerator additives. Suppressors are normally
polyethylene glycol (PEG) or polypropylene glycol (PPG) type polymers or co-polymers with the
characteristic structure as shown below.
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Molecular weights of suppressors generally range from about 1000 up to 10,000 and solution
concentrations generally range from 100 to 1000 ppm, much higher than typical accelerator or leveler
concentrations, Because of the relatively high suppressor concentration in solution, suppressor
adsorption rapidly results in monolayer-like film formation on the copper surface [31,42,43].
Microbalance [44] and current response studies suggest that film formation is complete in about 0.2 s
under typical conditions. The film acts to inhibit deposition current at a given applied potential. Several
models for current inhibition by the adsorbed film have been suggested including blocking of growth
sites, restriction of cupric ion diffusion to the surface, complexation of reacting ions, and formation of a
polymer electrolyte films in which ions are solvated [45]. Figure 16.12 shows current as a function of
voltage as potential is cycled from the rest potential to —360 mV vs. saturated calomel electrode (SCE)
reference electrode and back. As the suppressor concentration is increased from 100 to 1600 ppm, in an
electrolyte containing approximately 2 ppm SPS, the current suppression behavior increases, especially at
higher currents and during the scan from —360 mV back to the rest potential. This hysteresis between
anodic and cathodic potential scans is characteristic of systems containing accélerator and suppressor
additives, which are capable of bottom-up filling.

The degree of suppression achieved depends on the molecular weight of the polymer, its structure, and
its relative PEG/PPG content. The strongest current suppression is achieved for polymers with higher
molecular weights up to about 10,000 [41], and greater PPG content. Interaction with adsorbed chloride
ion greatly increases suppressor adsorption strength. Various Raman and FTIR spectroscopy studies have
suggested specific chemical interactions between the C-O bonds in the glycol molecules and the adsorbed
chloride [46].
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FIGURE 16.12 Polarization curves showing increasing current suppression as polymer suppressor concentration is
increases in an electrolyte containing 2 ppm SPS accelerator.

Suppressors also function to reduce the surface tension of the plating solution and improve its ability
to wet the copper surface. The surface tension of plating solutions is reduced from about 70 dynes/cm
without suppressors added, to 40-60 dynes/cm as suppressor concentration increases. This results in
improved wetting behavior as measured by a decrease in the contact angle of the plating solution on the
copper seed as shown in Figure 16.13. Low contact angles ensure complete rapid wetting of small
features. Assuming reasonably low contact angles, hydrostatic pressure of up to several atmospheres is
generated in sub-micron features by capillary action. This results in rapid air dissolution or removal.
Suppressor selection for uniform wetting of the copper seed surface is key to avoiding pit defects which
can result when air is not fully displaced during initial wafer entry into the plating bath.

Suppressors are reasonably stable in plating solutions in the absence of current flow, but cleave into
lower molecular weight fragments as a result of anodic oxidation and other mechanisms during plating.
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FIGURE 16.13 Contact angle as a function of suppressor concentration for three suppressor molecules.
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Usually, the lower molecular weight fragments are less current suppressing than initial suppressor species
and become virtually inert at a molecular weight below about 300 [31,41]. Since polypropylene glycol
above a molecular weight of about 1200 is not highly soluble in plating baths, it is essential to avoid
suppressor structures which can cleave to form this type of fragments.

Levelers are normally known in plating applications as molecules, which adsorb to suppress the rapid
plating which may otherwise take place at corners, edges, or other geometric irregularities on a plated
surface as a result of field and mass transfer effects [47-49]. Levelers are usually strongly current
suppressing nitrogen containing polymers with molecular weights in the range of 1000-15,000. In the
acidic plating baths, the nitrogen functional groups may be protonated, leading to a net cationic charge
on the molecule. Since the function of levelers is intended ta be localized to the rapidly growing surfaces,
the concentrations of levelers in solution is kept low, often near or under 1 ppm, and leveler lifetime on
the plated surface is ideally low due to either incorporation in the film or decomposition. Under these
conditions, leveler surface coverage is diffusion limited, and generally higher at corners, edges, or surface
irregularities resulting in slower growth on these surfaces. If the leveler is cationic, migration to highly
cathodic edge or corner surfaces may be enhanced, leading to more coverage at sites, which would have a
higher current density for normal field effect reasons.

In damascene applications, levelers are added to the plating bath primarily to reduce the rapid copper
growth over features which have undergone bottom-up fill, and thus improve the planarity of the film for
subsequent CMP processing. In this application, specific chemical interactions in which the leveler
neutralizes adsorbed accelerator species present at a high surface concentration over filled features is
useful to achieve good deposit planarity. Levelers can also impact fill behavior by either reducing the
growth rate of copper at the upper sidewall of a feature to allow better filling, or by adsorbing at the
feature’s base and slowing otherwise rapid bottom-up filling. Because levelers are often incorporated in
the plated film, proper selection is important for film purity, resistivity, and reliability behavior.

16.3.3 Anodes and Anode Films

As was shown in Figure 16.4, a copper metal anode is normally immersed in the plating solution and
undergoes oxidation based on the equation Cu(Q)— Cu’" +2e ™. This maintains both chemical and
electrical equilibrium in the plating bath. In some copper plating baths, high purity or “oxygen free”
copper anodes are used [50-53]. In acidic sulfate baths, however, use of these anodes was found to result
in rapid decomposition of organic additives, as well as formation of fine copper particles which
contaminated the plating solution and resulted in defect formation in plated films. Use of anodes
containing 400-600 ppm of phosphorous was found to solve these problems, and these “phosphorized
copper” anodes are most commonly used for damascene applications [53-56]. Except for phosphorus,
anode purity is usually 99.99% or higher. The most common impurities are silver, iron, nickel, arsenic,
zing, and tin each of which is typically present at about one ppm or less. Most anode impurities are not
readily deposited on the wafer because their reduction potentials are considerably more cathodic than
that of cupric ion (see Figure 16.7), although Ag is readily co-deposited with copper.

The reduction in additive consumption and fine copper particulates seen using phosphorized copper
anodes is largely achieved by formation of an adherent low density black film which forms on the anodes
during plating. The film is believed to restrict additive mass transfer to the anode interface, and inhibit
the loss of partially dissolved grains before they are fully oxidized. Black films generally increase in
thickness up to several mm as an anode is initially used. In some applications this change can result in
variable additive use during tool start-up, and has been addressed by anode conditioning to prepare a
black film before tool use. In addition to the phosphorous content of the anodes, suppressor, and possibly
other additive components are required for this film formation. Molecular composition of anode films is
not well understood, but analysis shows P, C, Cu, S, O, Cl, and sometimes silver as typical constituents of
an amorphous structure,

Anode grain structure and the distribution of phosphorus in the anodes can vary among
manufacturers using proprietary fabrication methods. Usually, grain sizes are on the order of 25-
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100 pm and phosphorous is present at the grain boundaries. This P distribution may also inhibit fine
copper grain loss by reducing electrolytic dissolution along the grain boundaries. Phosphorous has also
been associated with inhibition of the undesired anodic reaction Cu(Q)— Cu™* +e 7, although this effect
is not well documented.

Damascene plating hardware has been designed to reduce the possibility of fine copper or anode film
particles from reaching the wafer [57], however, complete anode particle elimination can be achieved by
using inert anodes such as platinum coated titanium. When platinized titanium or similar anodes are
substituted for copper in a standard bath, the anode reaction becomes 2H,0—+0,+4H ™" +4¢ .
Difficulties with this approach include the generation of large volumes of oxygen which can form
undesired bubbles, rapid oxidation of additives on the platinum anodes, and a decrease of copper
concentration in the plating bath during plating. Copper concentration in this type of plating system can
be maintained by cupric oxide addition [58,59]. An alternative inert anode approach in which ferric and
ferrous iron salts are added to the copper plating bath has also been proposed [60]. In this system, the
reaction Fe’ ™ —Fe’™ takes place at the inert anode to eliminate oxygen evolution, while cupric ion is
replenished and Fe’" is replaced in a separated reaction of Fe'* with copper metal. Iron is not
co-deposited with copper as a result of its more negative reduction potential [60].

16.4 Damascene Film Deposition

16.4.1 Feature Fill and Leveling Capability and Mechanism
16.4.1.1 Fill Mechanism

Void-free filling is the most basic requirement of copper electroplating for damascene applications. The
ability to fill high aspect ratio features using copper electroplating is based on achieving significantly
more rapid deposition kinetics near the base of a deep feature compared to the kinetics on the field of the
wafer. This allows filling from the base of the feature before conformal plating on the top corners of
the features joins together to leave a void. Such capability is usually called bottom-up fill or superfill
in the literature, and is achieved by non-equilibrium distribution of current accelerating and suppressing
additives between the feature base and the field [13,20,61].

It is useful to consider the current—potential behavior of several plating solutions to understand the
capability for bottom-up fill in electroplating. Figure 16.14a shows polarization behavior at a rotating
disk electrode of electrolyte containing cupric ions, sulfuric acid, and chloride. Current is measured as
potential is first swept negatively from the equilibrium value of +50 mV vs. SCE to —280' mV vs. SCE,
and then cycled back to the equilibrium potential. Results are shown for three electrode rotation rates
corresponding to different rates of mass transfer. In this simple system, the current increases in an
approximately exponential manner until mass transfer begins to limit overall current flow. At 50 rpm
limitation of cupric ion mass transfer reduces the overall current magnitude over much of the practical
current density range (10-50 mA/cm?), while at 1000 rpm mass transfer effects on current flow are
minimal until current densities above 100 mA/cm” are reached. It should be noted that the current at any
given potential during the cathodic potential sweep is nearly equal to the current at the same potential
during the subsequent sweep toward anodic potentials. This lack of hysteresis between the potential
cycles implies that a single current corresponds to each applied voltage regardless of the potential sweep
history, and suggests rapidly equilibrating surface morphology and growth characteristics when no
organic additives are present. Inability of a plated surface in a given bath to exhibit more than one current
at a given applied voltage makes bottom-up filling based on surface kinetic differences impossible in that
bath since applied voltages will never be higher near a feature base than on adjacent field surfaces.-

Polarization curves using the same electrolyte along with an early generation organic additive
formulation, containing accelerator, leveler, and suppressor species are shown in Figure 16.14b. Two
major differences are noted in the polarization behavior following additive addition. First, currents are
reduced at a given voltage. This behavior reflects changes at the interface caused by the additives
including blockage of growth sites, formation of interfacial complexes, topography changes, and film
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FIGURE 16.14 Polarization and fill results with and without additives. (a) Electrolyte with no additives present. (b)
Electrolyte with early damascene additive package, (c) Electrolyte with suppressor and accelerator additives selected
for filling performance.

formation, which reduces metal ion mass transfer to the interface. Second, there is a hysteresis behavior
in the current flow between the cathodic and anodic potential sweeps such that currents at a given voltage
during the initial cathodic sweep are lower than those observed during the subsequent anodic sweep.

In Figure 16.14c, polarization curves measured for a two component (accelerator—suppressor)
additive containing bath formulated to achieve very rapid bottom-up fill are shown. This bath exhibits
stronger current suppression and more hysteresis between current flows during the cathodic and anodic
sweeps. The degree of hysteresis reflects the ability of a plating bath to support both high and low currents
at a given applied voltage, and thus can suggest capability of a bath to provide bottom-up fill [19,61-65].
During the initial cathodic potential sweep, the currents measured using this chemistry are also
significantly lower than those shown in Figure 16.14a and b. This polarization behavior difference
results in higher voltages being applied in order to achieve a given initial current flow. Higher applied
voltages are well known to be more effective in achieving uniform nucleation on variable surfaces and to
prevent corrosion of metal. As a result, these more polarizing electrolytes arg considered useful in
achieving growth on discontinuous seed layers. Highly suppressed currents on the wafer field can allow
increased growth rate differentiation between the field and the feature base as long as the feature base is
not also strongly polarized.

Trench fill and via fill results obtained by plating in the additive free, early generation, and bottom-up
fill baths are also shown in Figure 16.14a—c. The trench fill results provide a good means to evaluate the
bottom-up fill acceleration capability of a plating chemistry on a well seeded surface. Without additives
present, the copper deposition rate on all surfaces within the feature is approximately equal. This leads to
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conformal growth and a large center void extending much of the length of the 5:1 aspect ratio trench.
This result is observed over a current density range of approximately 5-50 mA/cm®. At current densities
above approximately 50 mA/cm?, depletion of cupric ion within the feature further limits growth within
the feature and the void volume increases further. Fill performance in vias with discontinuous or very
thin and oxidized PVD copper seed provides a good means to evaluate the nucleation capability of a
plating bath, In the relatively non-polarized bath with no additives, a large void at the base of a via
(bottom void) as shown in Figure 16.14a is observed. This reflects an initial dissolution rate or Ostwald
ripening of the thinner seed, which exceeded the initial plating rate,

When early generation additives are added to the electrolyte, complete filling of 5:1 AR trenches is
achieved, thus demonstrating the existence of bottom-up fill. A center void is, however, observed
following plating of 6:1 or higher aspect ratio, 0.17 pm trenches as shown in Figure 16.14b. The bottom
void performance is improved somewhat on a discontinuous seed as compared to results for the bath
with no additives, but a void is still observed if the seed coverage is poor.

Using strongly current suppressing additives, which result in increased current—voltage hysteresis, full
fill of 9:1 AR trenches is achieved, as shown in Figure 16.14c. This rapid bottom-up fill capability has been
incorporated in all commercially available additive systems now in use for IC copper circuitization. Via
fill is also complete, indicating the additional applied voltages required to drive a given current early in
the process which were sufficient to improve nucleation and growth on the thinner areas of the seed to a
rate which exceeded seed dissolution. While plating in highly suppressed plating baths is useful to add
margin to the filling processes, it is generally necessary to optimize seed processes to yield continuous
films to guarantee consistent void free filling and optimum reliability.

Based on the hysteresis behavior in mixed additive systems, and the current accelerating and
suppressing characteristics of the additives alone, it is possible to generate bottom-up fill based on
two mechanisms. According to the first mechanism, which can be descriptively named “field
suppression”, the additives quickly adsorb on the field of the wafer to for a current suppressing film.
Within the features, however, current suppressing molecules fail to form a suppressing film due to
diffusion limitations or steric hindrance based on similarity of the suppressor and feature sizes [4,66—69].
Current—potential characteristics leading to fill based on this mechanism are illustrated in Figure 16.15.
Fill performance based on this mechanism can be estimated based on electrochemical studies comparing
I-E behavior on an electrode using a complete additive system to simulate deposition on the field, with
I-E behavior without additives present to simulate deposition at the feature base. A fill acceleration ratio

No additives Excess accelerator

Complete additive

Current (Amps)

Excess suppressor

Field current

0.1 0.2 0.3 0.4

Voltage (V vs. rest potential)

FIGURE 16.15 Polarization characteristics of wafer field and feature base which lead to bottom-up fill based on lack
of suppressor diffusion into feature.
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TABLE 16.2 Polymer Size and Diffusion Coefficient vs Molecular Weight

Polymer MW Spherical Conformation Diffusion Coefficient
Diameter (nm) (cm?/s)

100 0.62 0.7%107°

1,000 1.32 0.25%107%

10,000 2.85 0.11x10°7°

1,00,000 6.2 0.05%10~°

10,00,000 13.2 0.025%10 %

at a given applied voltage can be calculated by comparing the current for the no additive case to the
current for the case with all additives present.Ratios as high as 30:1 are often calculated based on
comparing rotating disk electrode data for complete additive systems with the data without additives
present. In a practical case, it is unlikely that suppression by additives at the feature base will be zero since
diffusion distances and times are on the micron per millisecond scale and polymer additives, normally of
molecular weight under 10,000, are smaller than typical feature sizes as shown in Table 16.2. A variation
of this mechanism involves limitation of chloride, rather than polymer, mass transfer into small features.
Since adsorbed Cl is required for strong polymer based current suppression using typical PEG
suppressors, high currents within features could result from lack of adsorbed chloride [70].

According to the second mechanism, which can be descriptively named “accelerator accumulation”,
additives initially adsorb with reasonable uniformity on the copper seed surfaces both on the field and
within the features on the wafer [19,20]. Deposition begins conformally on all surfaces according to this
mechanism. As conformal growth continues and features are partially filled, the surface area within small
features decreases, especially at the feature base corners. This decrease in surface area is believed to
concentrate the strongly adsorbed accelerator additives, leading to displacement of the polymer
suppressor and increased current within the features. Current—potential behavior leading to this fill
mechanism is illustrated in Figure 16.16, Like Figure 16.15, the field I-E behavior can be approximated by
measuring the full additive system using a rotating disk electrode. In this case, however, the current near
the feature base is estimated by measuring current—potential behavior at an electrode immersed in an
electrolyte containing accelerator only. Current acceleration ratios of about 10:1 are typically obtained

Current density
mA/em?

Current using accelerator only

100 \‘

- 80
Feature base current
- 60 Complete
additive
40

-20 Field current
00 -50 -100 -150 -200 -250
Voltage (mV vs. SCE)

FIGURE 16.16 Polarization characteristics of wafer field and feature base which lead to bottom-up fill based on a
depolarization of suppression within features due to accelerator accumulation.
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FIGURE 16.17 Fill evolution in trenches as a function of trench width and copper thickness deposited on the
wafer field.

over a range of applied voltages comparing the simulated field current to the simulated feature base
current. This is in good agreement with measured fill acceleration rates obtained by comparing growth
rate within a feature adjacent field growth rates. Measurement of hysteresis during potential cycling at
electrodes can also be used to approximate current density or applied voltage ranges over which
optimum bottom up fill can be generated [64].

16.4.2 Fill Evolution Behavior

Figure 16.17 shows fill evolution in 1.2 pm deep trenches of 0.2, 0.25, 0.6, 0.9, and 1.7 um widths
following electrodeposition of 38, 86, 130, 250, 370, and 490 nm of copper on the wafer field at a nominal
current density of approximately 10 mA/cm?®.

After electrodeposition of 38 nm of Cu, the total Cu thickness on the field is approximately 188 nm
when the thickness of the 150 nm seed layer is considered. At this point in the filling sequence, the largest
features (0.6-1.7 pm) show conformal growth with a 80 nm layer of copper on all surfaces within the
trenches. In the 0.25 pm trenches, the sidewalls in the upper portion of the trench show conformal
growth, however, a distinct surface of copper growing parallel to the base of the trench has formed about
0.6 um above the base of the trench. This surface is characteristic of accelerated bottom-up growth. Once
formed, this surface moves rapidly up the feature, ultimately yielding complete fill. This filling process
has nearly been completed in the 0.2 pm trenches.

After electrodeposition of 86 nm, fill acceleration in the corners of 0.9 and 1.7 pum trenches has become
evident. The 0.6 pm trenches now show a flat growth surface which has progressed to about 0.5 pm from
the trench base. Approximately 600 nm of vertical fill has been achieved in the 0.25 pm trenches during
the 48 nm of deposition which takes place between the 38 and 86 nm nominal field deposition. This is a
12.5X acceleration relative to the field thickness increase of 48 nm, and suggests a current density of
approximately 125 mA/cm?” on the localized bottom-up growth surface. The 0.20 pm trench size shows
growth which has proceeded above the field by approximately 100 nm, forming the characteristic
overplating bump which can follow bottom-up filling.
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Between 86 and 130 nm nominal deposition, the vertical growth in the 0.6 pm trench is approximately
600 nm. This is a 13X acceleration relative to the nominal growth rate, similar to that achieved in the
0.25 pm features. After 130 nm deposition, more pronounced corner growth is also noted in the 0.9 and
1.7 pm trenches, and fill of the 0.6 pm trench is complete.

After 250 nm deposition, further corner growth is noted in the 1.7 pm trenches, and the 0.9 pm
trenches have undergone the transition from accelerated corner growth to rapid bottom-up fill to form
the characteristic flat growth surface. Longer deposition times result in similar transitions to rapid
bottom-up growth fronts in features as large as approximately 3.0 pmin a 1 pm deep dielectric. The exact
delay time, or nominal deposit thickness, required for the transition to accelerated bottom-up fill varies
with nominal current density for all feature sizes. Very low current densities never result in transition to
bottom-up fill, and currents above an optimum value generally increase the nominal thickness required
for the transition.

The feature size dependence of initiation of bottom-up fill acceleration and the observation of initially
accelerated corner growth are consistent with the requirement of a threshold surface area change within
the feature prior to fill acceleration. During the initial conformal deposition, localized concentration of
the strongly adsorbing accelerating species takes place. Accumulation of accelerator is initially most
pronounced in the corners at the base of trenches where surface area change is also initially significant.
In features between 0.3 and 0.9 pm in width, the total surface area within the trenches has decreased by
40%-50% at the point when rapid growth acceleration begins. The feature size dependence of the timing
of bottom-up filling is difficult to explain solely in terms of a filling mechanism based on diffusion
limited suppression.

16.4.3 Fill Response to Plating Chemistry

Although the electrolyte and additive formulations used for IC filling applications vary, several trends in
the response of fill to additive chemistry have been commonly observed [19]. In general, all filling baths
contain cupric ion, sulfuric acid, chloride ion, accelerator, and suppressor. Leveler is not required for fill,
but may be present.

Strongly accelerated fill has not been achieved in electrolytes containing suppressing polymers alone
or with chloride ion when no accelerator is present in solution. Growth in these baths appears to be
largely conformal except at very low Cl ion concentrations where some evidence of filling has been
reported [70]. On the other hand, bottom-up fill is most pronounced for systems, which typically
contain 50-200 ppm suppressor concentrations along with suitable accelerator additives and chloride
ion concentrations. It is clear that suppressors are required to reduce the current on the field of the
wafer in order to achieve bottom-up fill. Optimum filling is observed when the concentration,
diffusion behavior, and adsorption strength of the suppressor are selected so that suppression on the
field is maximized, while suppressor adsorption within features is not strong enough to prevent
localized accelerated growth. Very strong suppressors and high concentrations of most suppressors
will prevent bottom-up filling by uniformly suppressing growth both within the features and on the
field, however, certain suppressors can yield good fill performance at concentrations as high as
2000 ppm.

As the chloride ion concentration is increased from zero, fill acceleration increases from near zero
to a maximum value and then decreases as the chloride concentration is further increased. Typically,
optimum fill is observed when Cl concentrations are in the range of 30-50 ppm and fill becomes
more conformal as Cl concentrations approach 100 ppm. Chloride concentrations sufficient to
enhance polymer suppressor adsorption on the field are required for fill. Excessive Cl can diminish
fill, possibly by resulting in excessive suppression within features. The maximum fill rate is usually
achieved when the Cl concentration is reduced to a point where polymer suppression remains
adequate on the field, but becomes limited at the feature base due to a Cl concentration gradient
within the feature.
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As the accelerator concentration is increased from zero to the 5-25 ppm range, bottom-up fill
increases from near zero to a maximum rate at typical suppressor concentrations. Fill becomes conformal
as accelerator concentration is further increased. No fill is observed using an accelerator if a suppressor is
not present. An accelerator additive is required to achieve the rapid growth within features which takes
place while the field remains suppressed. Too much accelerator, however, results in a loss of growth rate
difference between the field and the feature due to a lack of field suppression. The recognition that
accelerator additives which preferentially adsorb (relative to suppressors) on copper surfaces could be
concentrated within small growing features yielding faster local deposition kinetics was key in explaining
the ability to achieve very rapid bottom-up filling.

For a given additive system, too low a copper concentration diminishes the bottom-up fill capability
in high aspect ratio features simply due to depletion of cupric ion within the features. Successful filling
applications have used as little as 17.5 g/L cupric ion. More commonly, concentrations in the range of 40—
50 g/L are employed for optimal fill performance.

Sulfuric acid is not known to participate in filling, however, fill performance does vary with acid
concentration. At low sulfuric acid concentrations, the mercaptosulfonic acid accelerator molecule
becomes ionized in solution and fails to adsorb strongly on the copper surface. As a result, higher
accelerator concentrations are required for bottom-up fill when the acid concentration is decreased to the
5-30 g/L range and little filling can be achieved above a pH of about 2.0. The acid concentration may also
result in changes in fill capability due to changes in the suppressor adsorption behavior, however, no
general trend has been reported.

16.4.4 Leveling after Fill

Accelerated growth in electrolytes containing a two component (accelerator/suppressor) additive system
continues over a damascene feature following bottom-up fill. This growth can result in over a micron of
excess copper thickness above features which underwent bottom-up fill, compared to the adjacent field
copper thickness. This growth is most pronounced over large arrays of closely spaced lines, which act to
cumulatively concentrate accelerator species on the wafer surface following fill. Figure 16.18 illustrates
the growth behavior of copper during and after bottom-up fill with and without leveler added to the
plating bath. Ideally, the addition of a leveler component serves to suppress current on the rapidly
growing fill surface once it protrudes above the field, without impacting the growth rate of the copper

Growth rate in and over feature

4— Fill complete

Cu Growth rate i Ma lenaler

(a) Non-leveling suppressor
Field & B. Leveler used
growthrate |
. 1 |
8006 10KV X10,000 1um DBDDSF“OI’T

(b) Leveling additive present complete

Time

FIGURE 16.18 Copper growth rate in and above a feature during bottom-up fill with and without 4 leveler added to
the plating solution.
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within the feature. In practice, the addition of excessive leveler often results in a loss of bottom-up fill,
probably due to diffusion of leveler into the filling feature. Development of levelers with diffusion and
adsorption characteristics which reduce impact to growth within features remains an area of strong
interest. Using modern levelers in the 2-20 ppm concentration range, the copper thickness over dense
features following fill is typically less than 1000 A thicker than the thickness of the adjacent field. The
mechanism of overplating reduction by a leveler has not been well studied. However, a specific
interaction of the leveler to neutralize adsorbed accelerating species is suggested by its activity at very
low solution concentrations and by the relatively small impact of same levelers on the polarization
behavior of additive containing solutions.

16.4.5 Fill Behavior in Alternate Electrolytes

Fill performance has been evaluated in non-sulfate based electrolytes including propanesulfonic acid—
copper propanesulfonate [18] using additives which yield bottom-up fill in sulfate electrolytes. Little
change from the behavior in sulfate electrolytes was noted either in the optimized bottom-up fill rate or
the ability to deposit on thin or discontinuous seed. The similarity in via bottom void formation
observed using organic and inorganic anion based electrolytes, despite the expected wetting differences,
suggests that the wetting limitations of the electrolyte do not contribute strongly to poor electrodeposi-
tion behavior on a discontinuous seed.

Rapid bottom-up fill has not been reported using alkaline electrolytes such as pyrophosphate or
cyanide in which the cupric ion must be strongly complexed. In these electrolytes the deposition kinetics
are limited by complex dissociation, which makes differences in kinetics due to additive adsorption

less significant.

16.4.6 Current Waveform and Mass Transfer Impact on Filling

Damascene features are usually filled using direct current (DC) controlled processes in which the field
current density is in the range of 3-15 mA/cm” (0.07-0.36 pm/min). Lower currents have been observed
to result in both bottom voids due to seed dissolution and poor bottom-up acceleration, possibly because
the times for filling are so long that additive adsorption on the field and within the feature equilibrates to
the same levels. A higher field current density than 15 mA/cm® during filling necessitates an extremely
high current density within the features in order to maintain a high fill efficiency. This results in copper
depletion in the feature, and can cause fill to take place over a time scale shorter than required for desired
additive adsorption.

At the beginning of the process, current or voltage can be applied to the wafer immediately as it enters
the plating solution, or after several seconds of immersion in the plating solution. To prevent dissolution
of the seed, in production processes wafers usually enter the plating bath with a current or voltage
applied. However, bottom-up fill rate on sufficiently thick seeds is usually not strongly effected by long
immersion times before plating begins.

Pulse reverse plating has been applied successfully to improve fill performance of certain additive
systems [69,71]. Such plating methods are believed to accelerate dissolution of copper at the opening of
high aspect ratio features or to cause the adsorption behavior of the additives to vary in a way that
enhances filling, Fill performance using pulse plating has been found to respond in generally the same
way as DC plating to process variables and additive concentration changes, suggesting that the basic fill
mechanisms remain the same.

The rate of mass transfer of electrolyte to the wafer surface can influence the rate at which additives
adsorb. Fill performance has generally been found to vary only slightly within the flow and wafer rotation
conditions used for damascene applications. This suggests that the surface behavior of the accelerator and
suppressor additives is generally more important than their rate of mass transfer to the surface. Mass
transfer rates can be modulated to control leveler adsorption during plating, and higher mass transfer in
leveler containing baths usually reduces the amount of overplating.
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16.4.7 Summary of Additive Behavior during Filling

Additive adsorption behavior during bottom-up filling can be described based on the dependence of fill
evolution on feature size, fill rate and electrochemical suppression behavior as a function of additive
concentrations, and current and mass transfer effects on filling. This additive adsorption behavior during
filling is illustrated in Figure 16.19a—f.

When a wafer is first immersed in the plating solution, a concentration gradient of suppressing or
accelerating species may exist between a feature base and the field. This can happen when the quantity of
additive species required to form an adsorbed layer on the surface within the feature, exceeds the amount
of additive contained in the solution volume within the feature, or when the suppressing species are large
compared to the feature width. This effect could account for less suppression at the via base by slowly
diffusing polymer species when relatively low suppressing polymer concentrations (<100 mg/L) are
present in solution. Although diffusion limitations at the feature base effect may enhance fill in some
cases, the lack of a strong fill rate dependence on wafer immersion time prior to application of current, as
well as the relatively long times of plating required for bottom-up fill to begin in large features suggest
that this is not critical. Assuming this, by the time significant current flow begins, the adsorption of
chloride ion, suppressor, and accelerator species will take place across all field and within-feature surfaces
as shown in Figure 16.19b. This should result in similar currents on all surfaces.

After a period of time which depends on current density, feature size, and chemical concentrations, the
initial conformal growth leads to a decrease in surface area within features, especially at the bottom
corners. This phenomena causes accumulation of the accelerator additives or their accelerating
by-products and displacement of suppressor, and results in the initially fast growth observed in
corners at the start of the filling process as shown in Figure 16.19c. At this corner surface, the local
current density is believed to undergo transition from the lower current to the higher current observed
during a cyclic potential scan exhibiting strong hysteresis. Excessively strongly adsorbing suppressor
molecules, which prevent bottom-up fill, apparently cannot be displaced by accumulating accelerator
and can inhibit this transition.

Once bottom-up fill begins, a growth front moves rapidly upward within features and continues to
accumulate accelerating additives as shown in Figure 16.19d. The growth rate within the feature during
this stage of filling reaches a maximum and continues until the feature is filled as shown in Figure 16.19e.
In the absence of levelers, accelerators remain concentrated over features even after filling and rapid
growth diminishes slowly so that overplating above features becomes significant as shown in
Figure 16.19f. Addition of levelers at proper concentrations neutralizes the effect of the accelerator as
fill within the feature approaches planarity with the field so that overplating is largely eliminated.

16.4.8 Deposit Planarity and Surface Roughness

While overplating above dense features can increase topography variation across a die, the overall
planarity after copper plating is also strongly influenced by dielectric etch depth as illustrated in
Figure 16.20. Although the copper electroplating process is effective in filling features with aspect ratio’s

A = Pad plated thickness
A* = Field plated thickness
B = Dielectric etch depth
B* = Underplating depth

C = Qverplating height

D =Wide trench width

FIGURE 16.20 Overall topography after copper, plating of damascene circuitry patterns with super-filled small
features as well as large conformally plated pads.
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as low as about 1:5 at an accelerated rate, large pads plate at a deposition rate nearly equal to the field
deposition rate. As a result, the amount of copper deposited for a given metal layer must at least equal
the dielectric etch depth, and the Z position of the copper over large pads after plating is below that of
the field by approximately the dielectric etch depth. As a result of this behavior, and the need for a planar
copper topography after CMP, plating thickness in the range of 1.3-2.0 times the dielectric etch depth of
a given metal level is typical in production.

Plating processes, which deposit little copper on the field while fully filling large pads have been
described [72], and continue to be of interest as a result of the associated reduction in CMP cost. These
processes involve a combination of electrodeposition and mechanical contact with the wafer surface
during electrodeposition rather than simple process or plating chemistry changes. To date, such processes
have not been widely i‘mptemented.

Plated copper used for IC application usually has a bright reflective appearance with a reflectivity of at
least 130% that of bare Si using 460 nm light. The surface roughness of the copper, as measured by
Atomic force microscopy (AFM) is usually in the range of 4-8 nm root mean square (RMS). Roughness
variability has not been associated with yield or electrical properties of the copper, but is often controlled
in order to maintain a reproducible ability to monitor defects using visible light based tools. As feature
dimensions decrease into the 45 nm range it becomes increasingly important that roughness evolution
remains small compared to the internal dimensions of lines in order to avoid intermittent voids
corresponding to rough deposition protruding from the upper sidewall of features during bottom-
up filling,

16.4.9 Thickness Distribution

The goal for most damascene copper deposition processes is to form a film of uniform thickness across
the wafer. Specifications in the range of 1.5%—-2% one sigma thickness distribution, determined from
at least 49 point resistivity or laser-acoustic measurements on blanket wafers, are usually met or exceeded
in production. Thickness measurement on damascene pattern wafers is complicated by the varying
contribution of copper within features to the overall thickness measured using typical methods. In some
applications, plated copper is specified to be edge thick or edge thin to match a specific CMP capability.
In order to control the thickness distribution, damascene plating equipment has been optimized to
control the terminal effect, field, and flow influences on deposition kinetics at a given location on
the wafer.

Wafer

‘Thin resistive substrate profile

\ e— ]

Thick conductive substrate

Deposition rate

!1.::-1- o o 1 Edge Center

Ry Ry+Ry Wafer position

FIGURE 16.21 Circuit diagram of plating cell illustrating terminal effect impact on current density between wafer
center and edge.
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FIGURE 16.22 Plated thickness as a function of radial position for deposition on 100 A thick (4 Q/sq) copper seed
as a function of plating current density.

16.4.10 Terminal Effect

When copper deposition was introduced in the mid-1990s seed layer thicknesses were generally in the
range of 15002000 A, the wafer size was 200 mm, and plating was not usually carried out at high
current densities. Under these conditions, resistive voltage drops across the seed layer were too small to
influence plating rates. As illustrated in Figure 16.21, when seed layers become thin, the resistive voltage
drop through the seed layer from contact points at the edge of the wafer to the wafer center can become
significant. This results in a higher interfacial potential at the wafer edge. From polarization curve data
(see Figure 16.11), it is seen that interfacial potential differences between the wafer center and edge as
small as 10-20 mV begin to impact local current density and deposits will become center thin.
Thickness distributions showing the impact of the resistance drop across the wafer while plating on
100 A thick seed at several current densities are shown in Figure 16.22. A somewhat lower impact of
this terminal effect is observed at lower currents since the voltage drops across the seed layers are less
under these conditions.

In a plating system, the overall resistance between all points on the wafer and the anode surface should
be uniform in order to achieve uniform current densities. Based on this, a number of hardware and process
approaches have been used to diminish the terminal effect in semiconductor processing equipment.

First, increasing the resistivity of the plating solution by lowering the acid content has a pronounced
impact on the thickness distribution on resistive seeds [17] as discussed earlier. Typical high acid bath
conductivity of 0.5 (Q-cm) ' results in a cell impedance of about 0,1 Q and overall cell voltages on the
order of 1-4 V using standard plating cell geometries. When bath conductivity is decreased to the range
0f 0.05 (Q-cm) ' by lowering the acid concentration, the relative change in potential between the wafer
center and wafer edge compared to the overall potential drop through the plating cell becomes small
and the thickness distribution is improved. The plating bath can be considered to behave like a large
swamping resistor in an electrical circuit.

A second method, relying on the principle of increased cell resistance involves placing continuous
highly resistive membranes or insulating surfaces in the plating solution adjacent to the wafer. Often, an
effective resistivity of 100X the bath resistance can be achieved by using suitable materials. This highly
resistive layer dominates overall plating cell impedance behavior and effectively forces an equal current
density through all portions of the layer. If the layer is sufficiently close to the wafer there is little
possibility for current to redistribute between the wafer center and edge and the thickness distribution
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across the wafer is improved. The drawback of this method is the 30-60 V which may be required to drive
current through a resistive layer, several times higher than the voltages normally used during plating.

A third method of modification of thickness distribution is the use segmented or multiple anodes [73].
Using this method, one anode is normally positioned below the center portion of the wafer and one or
more additional electrically isolated anodes are positioned concentrically around the central anode.
Current applied to the anodes is then controlled individually. To create a uniform current density on a
thin seed, a higher voltage is applied to the anode nearer the wafer center compared to other anodes.
Because there is a lower resistance through solution between the center anode and the wafer center
compared to the wafer edge, current will flow preferentially to the wafer center. The drawback of this
method is the complexity of power supply and anode cell design and maintenance.

A fourth methad of across wafer thickness distribution control is the placement of insulating shielding
in the plating bath near the wafer edge to restrict current flow to this portion of the wafer. This method
can be highly effective in generating uniform films when seed thickness and plating thickness are
constant. However, a shield configuration, which yields uniform current density across the wafer on
thin seed, will result in too much deposition near the wafer center on partially plated films or thicker
seed. As a solution to this problem, the use of dynamic and asymmetric shields has been suggested [74].
Such methods have the drawback of additional moving parts near the wafer and increased
mechanical complexity.

A fifth method involves additional cathodes or “thieves”, which are placed near the wafer edge. These
surfaces, which can be controlled either by the same power supply as the wafer or with an additional
power supply, help divert current from the wafer edge. Generally, this method is effective over short
distances compared to the wafer diameter and is more effective in controlling distribution near the wafer
edge than across the full wafer.

Finally, it was noted earlier [14] that plating bath compositions with very slow deposition kinetics
effectively introduce a large and uniform electrical resistance at the wafer interface. This resistance acts to
redistribute current as described for resistive membranes placed near the wafer. To achieve interfacial
resistance increases, sufficient to counter the terminal effect, the copper concentration in sulfate baths
must be sharply lowered or electrolyte compositions, in which the cupric ions are complexed, must be
used. To date, these bath compositions have not been shown to have sufficient superfill performance for
use early in the plating process.

16.4.11 Field Effects

An ideal plating cell configuration, which avoids field effects during copper deposition on wafers, is a
cylinder, which tightly surrounds an anode and a wafer of equal size which are placed at opposite ends of
the cylinder. In this configuration, all field lines will be parallel and of equal density across the plating
solution and uniform deposition will result in the absence of terminal effects or flow differences. In actual
semiconductor equipment it is necessary to have some open space in a plating cell beyond that enclosed
by a wafer diameter cylinder. This results in additional field lines or current pathways through the
solution and a tendency for a higher current density near the wafer edge. Plating equipment is generally
kept as close to an ideal cylinder design as possible. Insulating surfaces (shields) are often placed in the
solution around the wafer perimeter to correct for edge effects resulting from non-ideal cell design by
redistributing current toward the wafer center.

16.4.12 Mass Transfer

Most wafer plating systems achieve relatively uniform solution flow across the wafer surface using a
combination of wafer rotation and pumped electrolyte flow directed toward the wafer at a uniform rate
through a manifold or membrane. To the degree to which uniform flow cannot be achieved, mass transfer
rates of cupric ion and additive species to the wafer surface vary with wafer position, and plating rates can
exhibit corresponding variability (see Equation 16.6). The direction and degree of rate variation,
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TABLE 16.3 Properties of Electroplated Copper

Property Typical Value
Elongation to failure 10-25%
Stress +50 MPa
Hardness 110-130 Knoop at 1 g load; 1.5-2.8 GPa
Tensile strength 50 KPSI
Modules of Elasticity 100-150 GPa
Reflectivity (vs. Si) 130% @ 460 nm
Roughness 4-11 nm RMS
Grain Size ~1 pm for 1 micron film
Resistivity 1.75-1.8 pm-02-cm
Purity 99.98-99.998
Texture 20-70% <111>

however, depends on the plating chemistry and the nominal current density. In the simplest case, too
little mass transfer to an area of the wafer results in depletion of cupric ions, and a reduction of the
plating rate. This effect becomes more pronounced at higher nominal current densities, in baths with
lower cupric ion concentration, and when using lower nominal flow rates. In some cases, depletion of
cupric ion near the wafer edge can be used to balance field effects, which tend to produce thicker films at
the edge of the wafer [75]. Differences in the mass transfer rate of additives to different location on the
wafer surface can impact the thickness distribution independent of cupric ion depletion. Baths with high
concentrations of leveling additives can exhibit a reduced current density in areas of high mass transfer.
In leveler-free baths the degree of accelerator adsorption on the wafer surface can the impact plating rate;
in this case an increased current density in areas of higher mass transfer is observed. Like the terminal
effect, the impact of mass transfer differences on the thickness distribution is always proportional to the
overall impedance differences between each point on the wafer and the anode. As a result, resistive
electrolytes and resistive elements placed near the wafer will generally reduce the impact of mass transfer
differences on thickness.

16.4.13 Metallurgy and Reliability

For optimum reliability and electrical performance copper films with large grains, high density, and low
or controlled levels of impurities are preferred. Electroplated copper meets these requirements, however,
the desired metallurgy is a complex result of deposition current, additive selection, and film annealing
conditions. Properties of plated copper are summarized in Table 16.3 and Table 16.4 for films annealed at
room temperature.

Ductility, hardness, and tensile strength are rarely monitored in copper deposited for IC applications.
Stress in electroplated Cu films can vary from slightly compressive to slightly tensile, and normally
approaches zero during room temperature anneal. Relatively high stresses of 200300 MPa can be
generated in plated Cu by annealing the copper above the plastic deformation temperature of about
230°C. Purity of plated copper varies depending on plating chemistry, mass transfer, and current
conditions. In baths without a leveler, or in baths containing a leveler which is not incorporated in the

TABLE 16.4 Electroplated Copper Impurity Levels

Approximate Copper Impurity Concentrations (rpm)

Additive Type c S Cl 0 N All Metals
Standard 3 component additive 15-50 5-20 30-100 1-10 1-10 <1.0
Additive system in which no leveler is 1-5 1-5 1-5 <2 <2 <1.0

co-deposited during plating
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FIGURE 16.23 Copper flm purity as a function of depth for films plated at an initial current of 1 A for 115
followed by a current of 3 A for 30 s and a current of 15 A for 38 s. Films plated using 18 and 125 rpm wafer rotation
rates are shown.

plated film, very high Cu purities are achieved. Most levelers used in damascene applications co-deposit
during plating to yield significant levels of Cl, S, and C in the copper films. The degree of incorporation
always increases with higher mass transfer rates and usually increases at lower plating current densities,
both conditions which allow more leveler to diffuse to the wafer surface per unit of copper deposited.
This behavior often results in purity variations as a function of depth in the plated films as shown in
Figure 16.23. In this example, the upper portion of the film is plated at a higher current density, and
exhibits much lower impurity levels than the lower portion of the film plated at a low current density.
Higher impurity levels are also observed in the film plated using the higher wafer rotation rate of 125 rpm
compared to 18 rpm as the result of greater mass transfer of leveler to the wafer surface. Purity
measurement of copper within small features, which undergo bottom-up filling has been difficult to
perform accurately because the analysis spot size exceeds the feature dimension for high accuracy
measurement methods. The high localized currents during filling and somewhat more limited mass
transfer of leveler into small features is expected to lead to an in-feature purity similar to that of copper
plated at high currents. Texture of plated copper is more complex than that of Al since <111>

Room temp
Anneal ~48h

150°C Anneal
~3 min

FIGURE 16.24 Focused ion beam (FIB) images of grain structure of plated copper films immediately after
deposition and following anneal at room temperature,
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orientation can be with respect to the field or the feature sidewall [76]. For copper, development of a large
grain size, rather than a specific orientation, may be more relevant to reliability.

16.4.13.1 Grain Size and Anneal Behavior

Without additives present, or with a suppressor additive alone, copper generally grows to form columnar
grains which follow the seed grain structure. With accelerator and suppressor additives present, the
nucleation characteristics during copper growth are changed dramatically such that grains are
continually formed during deposition. This results in a very small nominal grain size. The actual
grain size after plating has been difficult to verify because of the unstable nature of the grains. Results such
as those shown in Figure 16.24a for an ion beam cut of a plated film obtained within 15 min of deposition
suggest as plated grains have dimensions of approximately 0.05-0.10 pm. Following deposition,
electroplated copper films undergo grain growth even at room temperature to form grains which have
dimensions as large or larger than the thickness of the plated film [77,78]. Figure 16.24b shows grains
after room temperature anneal for the film shown in Figure 16.24a. In this example grains have grown to
approximately 1.0 pm dimensions indicating about 99.9% of the initially plated grains have been
consumed by other grains. Films as thick as 80 pm have been shown to undergo analogous growth
behavior. This behavior is noted with films over a very wide range of impurity contents [79]. The stress,
ductility [77], hardness [80], and resistivity [78] properties of the plated copper shift along with the grain
growth, with fully annealed films being more ductile, softer, and about 20% more conductive.
Generally, the grain growth rate increases sharply as temperature of annealing is increased 1 pm thick
films achieve nearly complete grain growth after as little as 60 s at 250°C. An activation energy of
19 Kcal/mol for grain growth of copper has been calculated based on stress, ductility, and resistivity
change [77). Anneal rates have been found to depend strongly on plated film thickness, with thinner films
requiring a much longer time to undergo complete anneal, and films under 0.3 pm in thickness
sometimes failing to undergo anneal at room temperature almost indefinitely. The time to anneal plated
copper films has also been found to decrease as copper seed thickness decreases for a fixed plated
thickness. In most cases films of higher purity undergo more rapid anneal at room temperature than
lower purity films, possibly as the result of less grain boundary pinning by the impurities [79]. Plots of
resistivity change as a function of time during grain growth at room temperature are shown for one
micron films with high medium and low purity levels in Figure 16.25. After sufficient anneal, the
resistivity difference between high and low purity films is generally found to be less than 2% and is
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FIGURE 16.25 Resistivity changes during room temperature anneal of plated copper of several purity levels,
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FIGURE 16.26 Cross section along length of 0.2 pm wide, 1.0 pm deep line showing growth of large grains in fine
lines for higher purity films, but small grains remaining in lines for lower purity films.

difficult to measure. Anneal rates have also been found to increase for copper films plated at higher
current density, independent of their purity [78]. In these cases, the as deposited films have also been
noted to show higher initial resistivity possibly suggesting smaller as deposited grains with lower
thermodynamic stability.

The grain growth, which electroplated copper on the wafer field undergoes, has been found to drive
grain growth within adjacent small features as shown in Figure 16.26, potentially providing improved
resistivity and reliability performance. As a result of this behavior, it is usually advantageous to anneal
plated copper films prior to CMP of copper to obtain optimum EM and resistivity performance. Nearly
all manufacturing process flows follow this anneal sequence and an anneal capability is frequently
included in copper electroplating tools. Low purity films may require a higher temperature and a longer
anneal time to achieve grain growth within features.

Microvoids per 25 um FIB cut

Increasing film impurity concentration -

5 ppm 30ppm | 60ppm | 100 ppm
i R.T. 0 0 0 0
; : 150°C/ 120 s 0 0 0 0
Gl ks 250°C/120s| 0 1 5 11
anneal 400°C /120 s 0 9 14 16

FIGURE 16.27 Microvoid formation following anneal of copper films of high and low purity.
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FIGURE 16.28 Copper resistivity as a function of film thickness for highly annealed large grained and small grained
films.

During anneal and grain growth it has been found that small voids, frequently called “microvoids”,
begin to appear in electroplated copper films [81]. Microvoids are usually in the range 0f 0.02-0.05 pm in
diameter and appear at grain boundaries or triple points. Examples of microvoids in a continuous copper
films are shown in Figure 16.27 as a function of the anneal temperature and film purity. Microvoid
density and size is directly related to the plated copper film purity. High purity films develop only
occasional microvoids following 400°C anneal while low purity films develop microvoids with increasing
size and frequency as the anneal temperature is increased above 200°C. Chloride impurity levels have
been suggested as being most strongly correlated with the tendency to form microvoids, however, the
nature of the relationship between impurities and microvoids is not clearly understood. Microvoids can
appear within features, however, their formation appears to require consolidation of numerous grain
boundaries making formation in large continuous copper volumes mare likely.

16.4.13.2 Resistivity

The transition from aluminum to copper interconnects was driven in part by the relatively low copper
resistivity of 1.8-2.0 pm-Q-cm which could be achieved in 90-130 nm generation features. As features
become smaller and exhibit physical or grain dimensions similar to the 35 nm electron mean free path in
copper, resistivity begins to increases. Figure 16.28 shows copper resistivity as a function of the planar
film thickness for films with grains of dimension similar to the film thickness, and for films with
uniformly large micron-size grains. The thin large grained films were specially prepared by CMP of fully
annealed 1.0 pm thick films. The resistivity of the copper increases sharply as film thickness decreases, for
both the very large and small grained films at film thickness below about 30 nm. This behavior, primarily
due to electron surface scattering, suggests similar behavior will be seen for Cu resistivity in sub 30 nm
features regardless of grain size. In the film thickness range between 50 and 100 nm the large grained films
show a considerably reduced resistivity, suggesting grain boundary scattering can be important in
features of similar dimension. Similar behavior has been reported and modeled as a function of line
dimension [82,83]. The overall importance of fine line resistivity remains unresolved since fine lines may
tend to be of relatively short length making their impedance dominated by capacitive, rather than
resistive, effects. From a plating process perspective, annealing condition, field thickness, and purity of
the plated copper will be important in extending the low resistivity nature of copper to smaller feature
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dimensions, although the physical limit imposed by surface scattering is already beginning to impact 45—
65 nm generation resistivity characteristics.

16.4.13.3 Stress Migration and Electromigration

Electromigration behavior in copper interconnects depends strongly on the barrier/seed and dielectric
cap properties [82], however, the purity of electroplated copper and the grain size within features can also
influence EM life, Electromigration life for high purity films is usually about three times longer than that
of low purity films [84]-for the ranges of impurity shown in Table 16.4 above. Work has suggested that the
microvoids present in low purity films migrate to, and move along interfaces, during EM testing
eventually accumulating and leading to earlier failure of the lower purity films [84]. Anneal conditions
sufficient to grow large copper grains, but at a low enough a temperature so as not to induce significant
microvoid formation, have also been found to improve electromigration life [85].

Efforts to improve EM of copper by alloying it with metals have been reported [86,87], however, the
degree of improvements have been similar to the impact of the normal film impurities. Most alloying
elements cannot be added to copper at concentrations over about 1% without impacting line resistance.
This limits somewhat the use of bulk film alloys as a means to improve EM.

Like EM, stress migration life of interconnects depends most strongly on barrier/seed adhesion to
dielectric and overall integration schemes. A failure during stress migration testing is usually an open
due to missing copper near the base of a via located on a relatively large pad. Stress migration test
failures are thought to be the result of stress induced vacancy movement toward or atomic migration
away from the high stress location near the via base [88,89], often combined with interface failure
between the barrier/seed or dielectric and the copper line or pad. Higher copper purity [90,91] has been
found to be associated with earlier stress migration failures. Stress measurements of copper during
thermal cycling has shown that high purity films have somewhat greater strength or lower ductility and
accumulate more stress than the low purity films [90], probably explaining the relationship of stress
migration life to film purity. It has also been suggested that impurities in the plated film act to reduce
the diffusion of vacancies under stress, thus reducing the void formation and failure [91]. Based on the
high microvoid content of low purity films which show generally improved stress migration behavior, it
is unlikely that microvoids migrating from the bulk film are the primary cause for the stress
migration failures.

When performing stress migration tests on high aspect ratio features, voids related to incomplete
filling can be present in features prior to stress migration testing. In this situation, stress migration testing
can be a sensitive measurement of fill quality because the fill related voids will randomly migrate during
testing to the via base or sidewall leading to failure.

16.4.13.4 Defects

Defects related to copper electroplating can be classified as pitting or missing metal, abnormal copper
growth, and particles. Most serious are pitting or missing metal defects which are the result of plated
copper failing to deposit on the copper seed layer [92,93]. These defects can lead to opens in the
damascene circuitry following CMP. Several examples of missing metal defects in plated copper films are
shown in Figure 16.29. Causes for pit-type defects include incomplete initial wetting of the copper
surface, air bubbles adhering to the plated surface, contamination of the seed with suppressor-additive-
related polymer agglomerates, foams, micelles, or other particulates that deposit on the seed during entry
into the plating bath, pre-existing contamination of the seed, and highly variable of severe oxidation of
the copper seed which limits wetting. The size of pit-type defects can range form approximately 0.1 pm,
to several microns in diameter. Defects related to air bubbles, poor wetting, or failure to displace air from
the copper seed are usually circular and frequently appear in lines corresponding to wetting fronts or air
bubble movement across the wafer surface. Pitting defects are reduced by controlling the exposure time
of the wafers to ambient air between seeding and plating [92], selection of non-agglomerating suppressor
additives with good wetting and low surface tension behavior [94,95], and selection of methods for wafer
entry into the plating solution which create a single splash-free wetting interface across the wafer [94].
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FIGURE 16.29 Missing metal and pitting defects observed after copper plating.

Missing metal defects which become apparent only after CMP can result from formation of microvoids
during post-plate copper anneal or from galvanic corrosion during CMP processing.

Abnormal copper growth defects can be detected using various optical light inspection methods
following copper plating [5]. In most cases, these defects will be removed during CMP processing and not
result in a yield impact. Defect inspection methods do not normally differentiate between pitting and
abnormal growth defects, so beyond the desire to have an imperfection-free film, these defects need to be
eliminated to facilitate post plating wafer inspection to detect pitting. Abnormal growth defects are
usually the result of either non-homogeneous additive adsorption or adherence of small conductive
particles to the wafer surface during plating. These particles act as nucleation sites for excessive growth.
Defects related to non-homogeneous additive adsorption are usually addressed by the proper selection of
additive types, plating currents, and mass transfer rates. Defects related to small particles are most
commonly the result of nanometer scale fragments of copper dislodging from the plating cell contact
hardware or from the copper anode, and their subsequent transfer to the wafer surface. To prevent anode
related particles from reaching the wafer surface, low porosity or ion selective membranes to prevent
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FIGURE 16.30 Abnormal growth defects observed after copper plating.

unfiltered solution from reaching the wafer surface. Examples of irregular copper growth type defects are
shown in Figure 16.30.

Particles such as dislodged anode films or extraneous contamination can be incorporated in, or be
present on, the plated copper film. To reduce particle defects, the plating solution is normally filtered
using 0.05 pm filters immediately before reaching the plating cell and the anode is isolated from the wafer
as discussed above. Plating cell material selection and design and adequate filter replacement frequency
are also critical for particle free plating performance.

16.5 Modeling Capabilities

The across wafer thickness distribution of copper can be modeled based on plating bath resistivity,
plating cell dimensions, seed resistivity, seed type, pattern density, electrical contact pattern, deposition
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kinetics, and mass transfer. Several models have been developed which account for some or all of these
factors [96-99]. In general, it has been found that seed resistivity, cell dimensions, and bath resistivity are
critical in accurately predicting the thickness distribution. Items such as contact position around the
perimeter of the wafer and pattern density can be shown to have increasing impact on the thickness
distribution as the seed thickness decreases. Mass transfer and deposition kinetics are more difficult to
model accurately and are usually less critical in predicting experimental thickness distributions. Mass
transfer is relatively complex and usually turbulent due to the combination of wafer rotation and solution
flow. This necessitates a full 3D simulation which makes accurate modeling across the full wafer time
consuming. Deposition kinetics are influenced by additive adsorption behavior, mass transfer of the
additives, and behaviors of the additives on the surface which are not fully understood making modeling
based on fundamental principles difficult. Polarization curves at known mass transfer rates can be used to
determine an interfacial resistance, which can represent mass transfer and deposition kinetic effects
in models.

The fill behavior during damascene plating has been successfully modeled based on surface area loss
within features leading to accelerator accumulation [100,101]. In addition, the degree of acceleration
capability has been related in models to the degree of hysteresis between anodic and cathodic branches of
polarization curves measured for the bath used for filling [101]. Other models have been developed to
predict fill based on a lack of suppressor diffusion to the base of high aspect ratio features [102,103].
Although both types of models can predict bottom-up filling, the accelerator accumulation model
assumptions are more consistent with the actual chemistries and conditions currently used for
damascene filling.

16.6 Process Integration

16.6.1 Feature Profile and Seed Interactions

The performance of the damascene copper plating process is strongly influenced by the characteristics of
the incoming PVD seed layers and the etch profile of the underlying dielectric. An ideal seed provides
continuous coverage of slightly oxidized copper of uniform thickness within a feature. The physical
characteristics of PVD processes, however, tend to result in thicker seed coverage near the top of the
feature and thinner coverage near the feature base. This behavior is accentuated when dielectric profiles
are re-entrant and result in shadowing of the lower feature sidewalls during seeding. As the seed becomes

4:1 AR, 0.25 um trench 7.5:1 AR, 0.15 pm trench

FIGURE 16.31 Profiles of trenches following copper seed layers with excessive overhang and vertical profiles and
the resulting fill performance.
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FIGURE 16.32 Topography of copper seed layers on via sidewalls for highly agglomerated and for smooth
continuous seeds and the resulting fill performance.

thinner, coverage can become discontinuous or the seed can become fully oxidized, usually near the base
of high aspect ratio features [61].

When the seed thickness near the top of the feature becomes too great, the aspect ratio of the
remaining open area within the feature increases dramatically and fill without a top center void becomes
difficult. Figure 16.31 compares fill in a typical damascene bath for a trench showing significant seed
overhang with fill in a higher dielectric aspect ratio trench without overhang. Void free fill is achieved in
the feature without seed overhang, while a center void is formed in the trench with excessive seed
overhang. Typical pre-plate aspect ratio’s which include seed coverage are normally kept under 10 in
production to avoid top center void formation.

When seed discontinuity near the feature base occurs due to either agglomeration of the seed copper,
because the seed thickness is too low, or due to excessive seed oxidation, bottom voids are observed
following plating. Via fill results on an agglomerated seed are shown in Figure 16.32 along with results on
a smooth continuous seed layer. Following plating on the agglomerated seed a large bottom void is
observed, while deposition on the continuous seed yields void free fill. Seed repair processes utilizing
electroless and electrolytic deposition from alkaline solutions were found to be capable of improving fill
on discontinuous seed layers [104,105], however, barrier/seed technology improvements have resulted in
continuous seed layers with little overhang near the top of the feature. Complete fill of trenches with
aspect ratio of up to 20:1 and widths as small as 0.06 pm has been reported in cases where a slight “V”
shape exists in the dielectric profile. Improved PVD technology and advancements such as atomic layer
deposition result in both an improvement in the seed thickness uniformity within features as well as a
reduction in the pre-plate aspect ratio. These developments should allow fill of 32 nm generation or
smaller interconnects using existing plating baths, or chemistries modified to more rapidly initiate
bottom-up filling.

16.7 Process Control Approaches

In order to maintain consistent process performance, damascene plating equipment normally operates
using a large reservoir of plating solution, which is re-circulated through several plating cells. Reservoir
volumes of approximately 200 L and plating cell volumes of 5-15 L are typical. The large reservoir
volume improves bath stability by acting as a buffer with respect to unexpected dilution, evaporation, or
additive consumption variations. During continuous copper deposition, additive chemicals decompose
to form by-products, which impact bath performance [106] and result in a finite bath lifetime. To reduce
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the impact of additive degradation, plating baths can either be fully replaced prior to a significant change
in process performance, or a fraction of the plating solution in the reservoir can regularly be exchanged
for fresh electrolyte [107] allowing process operation in a near steady-state condition. An alternative
approach, in which the plating solution reservoir is eliminated and small volumes of plating solution are
circulated through the plating cells and replaced after a relatively short period of use, has also been
implemented [5]. To help maintain process stability, most commercial plating systems use automated
dosing of additive components to replace additives consumed during plating.

In all systems, monitoring the concentrations of the plating solution components is required for
process verification and correction of concentration deviations. Most damascene plating equipment
includes on-line concentration monitoring, and in some cases feedback for dosing of bath components to
correct for concentration deviations [108]. Concentrations of inorganic bath components can be
monitored using titrations, electrochemical methods [109-111], UV spectroscopy, and other methods.
Typical control ranges are less than 2% relative standard deviation. Monitoring of additive components is
generally carried out using electrochemical methods such as cyclic voltammetric stripping (CVS) or real
time analysis (RTA) [112]. These methods yield analysis accuracy on the order of 45% relative
standard deviation,

Using CVS methods, the voltage is cycled to deposit and strip copper on an electrode in solutions
containing bath samples and various standards, The amount of copper stripped during the voltage cycles
is measured and related to the concentration of a given additive component. A unique set of bath sample
solutions and voltage cycles is normally required for analysis of each additive component, and samples
must be discarded after analysis.

Using RTA methods, complex waveforms are applied to an electrode immersed in the plating bath.
The current response is measured and related directly to the additive concentration [112]. The plating
solution is not consumed during the analysis.

Alternative methods for additive analysis include high performance ion or liquid chromatography
[113,114], and mass spectroscopy. These methods provide more direct chemical information such as
molecular structure, molecular weight distribution, and inert and active breakdown product concen-
trations, but are not widely implemented at this time.
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