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PROCESS FOR FILLING VIAS IN THE MICROELECTRONICS

[0001] This invention relates to creating conductive paths
in the manufacture of microelectronic devices, and more
particularly to a method for filling vias, especially vias that
are relatively deep and/or have a relatively small entry

dimension.

[0002] Among the applications for the invention is the
creation of so-called "through silicon via" interconnections of
integrated circuit chips. The demand for semiconductor
integrated circuit (IC) devices such as computer chips with high
circuit speed and high circuit density requires the downward
scaling of feature sizes in ultra-large scale integration (ULST)
and very-large scale integration (VLSI) structures. The trend
to smaller device sizes and increased circuit density requires
decreasing the dimensions of interconnect features and
increasing their density. An interconnect feature is a feature
such as a via or trench formed in a dielectric substrate which
is then filled with metal, typically copper, to yield an
electrically conductive interconnect. Copper, having better
conductivity than any metal except silver, is the metal of
choice since copper metallization allows for smaller features
and uses less energy to pass electricity. In damascene
processing, interconnect features of semiconductor IC devices

are metallized using electrolytic copper deposition.

[0003] A patterned semiconductor integrated circuit device
substrate, for example, a device wafer or die, may comprise both
small and large interconnect features. Typically, a wafer has
layers of integrated circuitry, e.g., processors, programmable
devices, memory devices, and the like, built into a silicon
substrate. Integrated circuit (IC) devices have been
manufactured to contain small diameter vias and sub-micron sized
trenches that form electrical connections between layers of

interconnect structure. These features have dimensions on the
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order of about 150 nanometers or less, such as about 90

nanometers, 65 nanometers, or even 45 nanometers.

[0004] Plating chemistry sufficient to copper metallize
small size via and trench features has been developed and finds
use in the copper damascene method. Copper damascene
metallization relies on superfilling additives, i.e., a
combination of additives that are referred to in the art as
accelerators, levelers, and suppressors. These additives act in
conjunction in a manner that can flawlessly fill copper into the
interconnect features (often called "superfilling"” or "bottom
up" growth). See, for example, Too et al., U.3. Pat. No.
6,770,893, Paneccasio et al., U.S. 7,303,992, and Commander et
al., U.S. Pat. No. 7,316,772, the disclosures of which are
hereby incorporated as if set forth in their entireties.
Currently available electrolytic copper deposition systems that
rely on superfilling additives can fill small size features at
current densities as high as 6 A/dm’® and in as little as 20

seconds, 10 seconds, or less.

[0005] In another form, a wafer may be constructed to
comprise one or more very deep via. This type of via
architecture is known in the art as "through silicon wvia"™ (TSV).
In some devices, through silicon vias allow electrical
interconnection between 2 or more wafers bonded to each other in
a three-dimensional wafer stack. After being formed, the 3D
wafer stack may be diced into stacked dies ("chips"), each
stacked chip having multiple tiers ("layers"™) of integrated
circuitry. Depending on where and when the vias are made, they
can be characterized as "Via First - Before FEOL," or "Via First
— After BEOL." 1In both cases, the vias are made before
wafer/die attachment or bonding. The third category of TSV is
via last, which means that the via is constructed after

wafer/die attachment or bonding.

[0006] Through silicon vias are critical components of

three-dimensional integrated circuits, and they can be found in
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RF devices, MEMs, CMOS image sensors, Flash, DRAM, SRAM

memories, analog devices, and logic devices.

[0007] The depth of a TSV depends on the via type (via
first or via last), and the application. Via depth can vary
from on the order of about 20 microns to about 500 microns,
typically between about 50 microns and about 250 microns or
between about 25 and about 200 microns, e.g., between about 50
and about 125 microns. Via openings in TSV have had entry
dimensions, such as the diameter, on the order of between about
200 nm to about 200 microns, such as between about 1 and about
75 microns, e.g., between about 2 and about 20 microns. 1In
certain highly dense integrated circuit chip assemblies, the via
entry dimension is preferably or necessarily small, e.g., in the

range of 2 micron to 20 microns.

[0008] Exemplary vias for which the process of the
invention is adapted would include 5 p wide x 40 p deep, 5 p
wide x 50 p deep, 6 p wide x 60 p deep, and 8 1 wide x 100
deep. Thus, it may be seen that the process of the invention is
adapted for filling vias having an aspect ratio >3:1, typically
greater than 4:1, advantageously in the range between about 3:1
and about 100:1 or between 3:1 and 50:1, more typically in the
range between about 4:1 and about 20:1, still more typically in
the range between about 5:1 and about 15:1. However, it will be
understood that the process is quite effective for filling vias
of distinctly lower aspect ratio, e.g., 3:1, 2:1, 1:1, 0.5:1 or
even 0.25:1 or lower. Thus, while the novel process offers
particular advantages in the case of high aspect ratios, the
application of the process to filling lower aspect ratio vias is

fully within the contemplation of the invention.

[0009] In filling deep via, and especially deep vias with
relatively small entry dimensions, it has been found difficult
to maintain satisfactory deposition rates throughout the filling
process. As the extent of filling exceeds 50%, the deposition

rate typically declines, and the rate continues to drop as a



WO 2012/103357 PCT/US2012/022758

function of the extent of filling. The overburden may get
thicker as a result. In addition, due to the adsorption of the
leveler onto the sidewalls and bottom copper surface as
discussed hereinbelow, the impurities content of the deposit may
also tend to increase. Deep vias are also vulnerable to
formation of seams and voids, a tendency that may also be
aggravated where entry dimension is small and aspect ratio is

high.

[0010] It is known in the art to use pulse currents,
typically including reverse pulses in which the
electrodeposition substrate becomes anodic during part of the
deposition cycle. As described, e.g., in US 6,793,795,
reversing pulse currents are advantageous in allowing the use of
insoluble, dimensionally stable anodes in the plating process
without polarization of the anode due to release of oxygen on

the anode surface.

[0011] Reverse pulses and off periods and also mass
transfer of copper ions from the bulk electrolytic plating
solution are useful to replenish the copper ion concentration in
the boundary layer adjacent to the metalizing surface, thus
avoiding or remedying cathode polarization and assuring the
copper deposition proceeds in preference to unwanted cathodic

reactions such as hydrogen generation and burning.
Summary of the Invention

[0012] Briefly, the invention is directed to a process for
metalizing a through silicon via feature in a semiconductor
integrated circuit device. The device comprises a surface
having a via feature therein, the via feature comprising a
sidewall extending from said surface, and a bottom. The
sidewall, bottom and said surface have a metalizing substrate
thereon for deposition of copper. The via feature has an entry
dimension between 1 micrometers and 25 micrometers, a depth

dimension between 50 micrometers and 300 micrometers, and an
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aspect ratio greater than about 2:1. The metalizing substrate
comprises a seed layer and provides a cathode for electrolytic
deposition of copper thereon. In the process, the metalizing
substrate is contacted with an electrolytic copper deposition
composition. The deposition composition comprises a source of
copper ions, an acid component selected from among an inorganic
acid, an organic sulfonic acid, and mixtures thereof, an
accelerator, a suppressor, a leveler, and chloride ions. An
electrodeposition circuit is established comprising an anode,
the electrolytic composition, the aforesaid cathode, and a power
source. A potential is applied between the anode and the
cathode during a via filling cycle to generate a cathodic
electrodeposition current causing reduction of copper ions at
the cathode, thereby plating copper onto the metallizing
substrate at the bottom and sidewall of the wvia, the via
preferentially plating on the bottom and lower sidewall to cause
filling of the via from the bottom with copper. During the
filling cycle, the polarity of circuit is reversed for an
interval to generate an anodic potential at the metalizing
substrate and desorb leveler from the copper surface within the
via. Copper deposition is resumed by re-establishing the surface
of the copper within the via as the cathode in the circuit,

thereby yielding a copper filled via feature.

[0013] The invention is further directed to such a process
wherein at least one anodic potential interval prevails to the
extent of an average charge transfer of at least about 3 x 107*
coulombs/cm? integrated over the total electrodic area of said

metalizing substrate.

[0014] The invention is further directed to such a process
wherein the filling cycle comprises a plurality of faradaically
material anodic potential intervals in each of which the average
anodic charge transfer is at least about 3 x 107 coulombs/cm’
integrated over the total electrodic area of said metalizing

substrate, and wherein, between successive faradaically material
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anodic potential intervals, the integrated average net forward
current (cathodic) charge transfer over said the total surface
area of the metalizing substrate is at least about 1 x 107*

coulombs/cm®.

[0015] In another embodiment, the invention is directed to
such a process wherein the ratio of cumulative charge transfer
in the circuit during copper deposition within the filling cycle
to the cumulative charge transfer during the sum of all anodic
potential intervals being is at least about 50:1 and at least
one anodic potential interval prevails to the extent of an
average charge transfer of at least about 5 x 107° coulombs/cm’
integrated over the total electrodic area of said metalizing

substrate.

[0016] Other features will be in part apparent and in part

pointed out hereinafter.
Brief Description of the Drawings

[0017] Figs. 1A to 1D are schematic illustrations of the
effect of diffusion on the mechanism of electrodeposition of
copper onto the bottom and sidewall of a via from an
electrolytic solution that contains copper ions, an accelerator,

a suppressor and a leveler.

[0018] Figs. 1E and 1F show the effect of an interval of
anodic potential at the metalizing surface in restoring
satisfactory electrodeposition rates in bottom filling of a via
after leveler diffusion has significantly inhibited Dbottom up

electrodeposition.

[0019] Fig. 2 is a schematic illustration of an apparatus
and process for copper plating of through silicon vias according

to the instant invention;

[0020] Fig. 3A is a photomicrograph of a section of an

integrated chip showing vias filled by a plating process
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according to a comparative process that does not include the

anodic potential intervals of the process of the invention; and

[0021] Fig. 3B is a photomicrograph of a section of an
integrated chip showing vias filled by the plating process of

the instant invention.
Description of Preferred Embodiments

[0022] Schematically illustrated in Figs. 1A to 1F is the
mechanism of copper deposition onto a metalizing substrate that
comprises the surface 3 of an integrated chip 1 having a via 5
in the surface. A seed layer is applied to the bottom and
sidewall of the via and the exterior surface of the chip that
together define the metalizing substate. The seed layer is
applied by conventional means such as physical or chemical vapor
deposition. The chip comprising the metalizing substrate is
immersed in an electrolytic composition that comprises copper
ions, a counteranion for the copper ions, an acid, an
accelerator, a suppressor, a leveler, and typically other

electrolytic bath additives such as a chloride salt.

[0023] In the electrodeposition of copper onto metalizing
substrate, the accelerator and suppressor, and leveler
components of the electrolytic bath co-operate to promote bottom
filling of the via. This effect is illustrated in Figs. 1A to
1D.

[0024] Before immersion in the electrolytic plating bath,
the integrated chip or other microelectronic device is
preferably "pre-wet" with water or other solution in which the
concentration of leveler and suppressor is generally lower than
the concentration of these components in the electrolytic bath.
Pre-wetting helps to avoid introducing entrained air bubbles
when the device is immersed in the electrolytic bath. Pre-
wetting may also be used to speed up gap fill. For this purpose,

the pre-wet solution may contain a copper electrolyte, with or
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without additives. Alternatively, the solution can contain only

the accelerator component, or a combination of all additives.

[0025] Preferably, the device is pre-wet with water, e.g.,
an aqueous medium devoid of functional concentrations of active
components, most preferably deionized water. Thus, as the
wetted device is immersed in the electrolytic bath, the water
film remains as a diffusion layer (boundary layer) between the
bulk electrolytic solution and the metalizing substrate on the
field (exterior) of the device and within the via. For the
electrolytic process to function, copper ions must diffuse from
the bulk solution through the boundary layer to the metalizing
substrate. FEach other active component, in order to provide its
function, must also diffuse through the boundary layer to the
cathodic surface. Upon initial immersion, diffusion commences
and is driven by the concentration gradient across the boundary
layer. After potential is applied, copper ions and other
positively charged components are also driven to the cathode by
the electrical field. As the electrolytic process proceeds and
components of the bulk plating bath are drawn into the boundary
layer, the composition of the boundary layer changes, but a
relatively quiescent boundary layer is always present as a

barrier to mass transfer throughout the electrolytic process.

[0026] The accelerator is typically a relatively small
organic molecule that functions as an electron transfer agent
and which readily diffuses to and attaches itself to the
metalizing substrate even in the absence of an applied
potential. Copper ions, which are mobile and ordinarily present
in the bath at substantially higher concentrations than other
components, also diffuse readily through the boundary layer and
contact the metalizing substrate. As a cathodic potential is
applied to the metalizing substrate, diffusion of copper ions is
accelerated under the influence of the electrical field.
Initially, the concentrations of suppressor and leveler at the

metalizing substrate and within the boundary layer remain
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relatively low, especially within the via. At surfaces on the
exterior of the chip, mass transfer of suppressor and leveler
through the boundary layer is promoted by convection and
typically further promoted by agitation. But because the via is
very small, the extent of convection and the effect of agitation
is mitigated, so that transfer of suppressor and leveler to the
copper surface within the via is retarded relative to the rate
of mass transfer of these components to the metalizing substrate
in the field or within the upper reaches of the via. 1In effect,
the entire content of the via might be considered to constitute
a boundary layer between the bulk solution outside the via entry

and the interior wall (sidewall and bottom) of the via.

[0027] Fig. 1A illustrates the concentration profiles for
accelerator, suppressor, and leveler in and above the via after
a relatively short period of operation following application of
cathodic current to the metalizing substrate. As illustrated,
accelerator A rapidly diffuses from the exterior surface of the
chip into the bottom of the via, thereby continuing to promote
electrodeposition of copper at the bottom and along the lower
sidewall of the via. Chloride ions also diffuse into the
boundary layer despite the retarding effect of the electrical
field which draws copper ions toward the cathode. The
suppressor S is a relatively larger molecule which moderately
retards charge transfer and inhibits copper deposition, thus
tending to require a relatively more negative potential for
copper deposition. Because of its relative size, the suppressor
diffuses into the via more slowly than the accelerator,
resulting in a suppressor concentration gradient in which the
suppressor concentration in the boundary layer at the metalizing
substrate decreases with depth in the via. These effects are
illustrated both in Fig. 1A and Fig. 1B. Fig. 1A depicts the
concentration patterns shortly after the startup phase wherein
cathodic current has been applied at a relatively low density to

promote the plating of a thicker conformal coating over the seed
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deposit in order to increase the conductivity at the metalizing
layer, while Fig. 1B represents the profile of the via as bottom
filling progresses. Resulting from and inverse to the
suppressor concentration gradient is an electrodeposition
potential gradient in which the negative electrodeposition
potential required for copper deposition decreases with depth
within the via, i.e., the electrodeposition potential becomes
more positive as distance from via entry increases. Thus, at
the applied potential, the driving force for copper deposition
increases with depth, causing the deposition rate to be highest
at the bottom and to progressively decrease as the depth
decreases. Preferably, the total electrolytic current is
maintained at a constant level even as the resistance increases
along the conduction paths to the field and the upper reaches of
the via due to sorption of leveler and suppressor at these
surfaces. Since this leaves the conduction path to the bottom
of the via as the path of least resistance, deposition of copper
in the bottom of the via is promoted relative to deposition at
the top or on the field. This promotes orderly filling of the
via from the bottom to the top without formation of seams or
voids. Moreover, because the total current flow in the circuit
is maintained constant during any defined period of operation,
the current density at the bottom of the via, and the consequent
filling rate, are actually increased as operation proceeds and
leveler occlusion increases at the surfaces of the field and

upper portions of the via

[0028] As described in US patent 7,670,950, incorporated
herein by reference, the deposition potential is also
substantially influenced by the degree of agitation, and more
particularly by the extent of turbulence or relative flow at the
substrate surface. Higher turbulence at, and/or relative flow
along, the substrate has the effect of requiring a more negative
electrodeposition potential for deposition of copper. Thus, at

the surfaces that are influenced by agitation, agitation
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suppresses the copper electrodeposition rate by promoting
adsorption of leveler and/or a suppressor from an electrolytic
bath containing these components. While turbulence and relative
flow tend to increase the mass transfer coefficients across the
boundary layer for all active components of the electrolytic
solution, agitation has a disproportionate effect on the
otherwise slow mass transfer of suppressor and leveler relative
to the comparatively rapid transfer of copper ions and
accelerator, i.e., agitation tends to promote mass transfer of
suppressor and leveler to a greater extent than copper ions and
accelerator because the copper ions and accelerator are small in
size and diffuse relatively rapidly under the influence of the
electrical field even in the absence of turbulence. In most
commercial electrolytic baths, copper ions are also present in
substantially higher concentrations than other components of the
solution, which further contributes to the availability of
copper ions for electrodeposition irrespective of agitation. As
a consequence, agitation of the electrolytic bath can enhance

the selectivity of electrodeposition to the bottom of the via.

[0029] Thus, where the electrolytic bath is agitated, the
highest turbulence or relative flow is on the substrate along
the surface of the integrated circuit device, with the degree of
turbulence decreasing with depth in the via. As a conseguence
of this gradient of decreasing turbulence, agitation increases
the slope of the electrodeposition potential gradient from the
top to the bottom of the via, reinforcing the effect of the
relative diffusivities of copper ions and accelerator vs.
suppressor and leveler in directing the deposition process to
begin at the bottom of a via and to progress upwardly in an

orderly manner until the via is filled.

[0030] Expressed in another way, the accelerated mass
transfer of leveler and suppressor to the cathodic surface along
face of the field and the upper regions of the via relative to

the bottom of the via, as induced by agitation, enhances the
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differential in conductivity between the electrical path from
anode to the bottom of via vs. the electrical paths to the field
and the upper regions of the via. In other words, agitation
enhances selectivity toward bottom filling. Moreover, under the
constant current condition that is preferably maintained during
any given phase of the deposition process, enhanced selectivity
also contributes to an increase in the absolute current density
at the bottom of the via, not merely to an increase relative to

the current density in the other regions.

[0031] Referring again to Figs. 1A and 1B, the leveler L is
a very large molecule that bears a strong positive charge.
Typical leveler molecules have a molecular weight in the range
of about 100 g/mol to about 500,000 g/mol, for example. Because
of its size, the leveler diffuses very slowly, significantly
more slowly than the suppressor S. Its slow diffusion rate
coupled with its strong charge cause the leveler to concentrate
at the areas of the metalizing substrate at the surface of the
integrated circuit chip and the very top reaches of the via.
Where the leveler attaches to the substrate, it is not readily
displaced by either the accelerator A or the suppressor S. 1In
essence, the system is driven toward a phase equilbrium between
the electrolytic solution and the metalizing surface in which
relative concentration of leveler is much higher than
accelerator or suppressor at the surface. As a further
consequence of its size and charge, the leveler exhibits a
strongly suppressive effect on electrodeposition, requiring an
even more negative electrodeposition potential than that
required by the presence of the suppressor. As long as the
leveler is concentrated at the exterior surface (the field) of
the chip (or other microelectronic device) and the upper reaches
of the via, it is effective to retard electrodeposition on those
surfaces, thereby minimizing undesirable overburden and
preventing pinching and formation of voids at or near the via

entry. Too high a concentration of leveler in the wvia can
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substantially retard bottom up capability by redirecting the
current path of least resistance and thus increasing the plating
rate on the field relative to the bottom of the via and thus

compromising the desired bottom-up filling.

[0032] When electrodeposition is initiated, the leveler L
does not immediately reach a significant concentration in the
boundary layer. Under the influence of convection and
agitation, it is fairly readily drawn to the metalizing surface
of the field, but does not immediately penetrate the via to any
significant extent. However, as the filling cycle progresses,
the slow-diffusing leveler eventually works its way into the
upper reaches of the via. Since the via is preferentially
filling from the bottom, the presence of leveler near the top of
the via does not present an obstacle to the bottom-filling
process; and at constant current in the electrolytic circuit,
adsorption of the leveler to the upper regions of the via
redirects current to the bottom of the via thereby actually
accelerating the filling rate at the bottom. As the via
progressively fills with copper, the leveler continues to
diffuse down the via. At locations where the leveler attaches
to the via sidewall and bottom up copper surface, a distinctly
more negative electrodeposition potential becomes required for
copper deposition. As electrodeposition proceeds, the filling
level (i.e., the copper filling front) and the location to which
the leveler front has diffused progressively approach each
other, as shown in Fig. 1C. As the filling level and leveler
front come into close proximity, and especially as the leveler
adsorbs to a significant extent onto the upper surface of the
copper filling the via (see Fig. 1D), the inevitable result is a
sharp decrease in the bottom up speed, with current being
redirected to the field, with the further adverse effect of
increasing copper overburden. As a result, a distinctly higher
applied potential is thereafter required to drive the process

forward, and under these circumstances the copper deposition
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pattern resulting from forcing the current is not favorable. At
a given applied potential, the bottom up deposition rate
significantly declines and copper deposition is redirected to
the top surface, extending the deposition cycle and starkly
reducing the productivity of the via filling process. Diffusion
of leveler into the via retards the bottom up process to the
extent that it may take two hours or more to complete filling of

the via with copper, and thus increases the overburden.

[0033] In accordance with the invention, it has been
discovered that the adverse effect of leveler diffusion may be
resolved by interrupting forward current flow during the filling
cycle by one or more intervals of anodic potential at the
metalizing substrate resulting in anodic desorption of the
leveler and most probably the suppressor as shown in Fig. 1E.
The anodic potential intervals are sufficient in duration and
charge transfer density to inhibit incipient adsorption of
leveler to the copper surface within the lower regions of the
via and thereby maintain a satisfactory filling rate, and/or to
desorb leveler that has attached to the metalizing substrate,
thereby restoring access to the substrate of copper ions and
adjuvants that promote copper deposition (e.g., Cl™ and
accelerator), and restoring the filling rate to a satisfactory
target value. Desorption of leveler (and suppressor) under the
influence of an anodic potential interval is schematically
illustrated in Fig. 1E. By application of the process of the
invention, it has been discovered that plating of chips, IC
substrates, PWBs and other microelectronic devices, including
filling of wvias, can be conducted at a consistently relatively
rapid electrodeposition rate, equating to high productivity in a
semiconductor electronic circuit manufacturing process. Fig. 1F
is a schematic showing desorption during a reverse current
interval subsequent to the anodic potential interval illustrated
in Fig. 1E. Fig. 1F shows that seamless and void-free bottom

filling has progressed to a substantial extent beyond the level
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achieved in Fig. 1E. Recurrent anodic potential intervals
maintain a satisfactory electrodeposition rate and assure the

via is entirely filled.

[0034] Fig. 2 is a schematic illustration of a process for
filling vias. A pre-wet wafer 1 is immersed in an agueous
electrolytic solution 7 contained within a cell 9. The wafer 1
here is illustrated as having only a single via for simplicity;
in actual practice the wafer has a diameter of, e.g., 4-5", 200
mm or 300 mm, and hundreds of vias and trenches. The
electrolytic solution comprises copper ions, a counteranion for
the copper ions, chloride ions, an acid, an accelerator, a
suppressor, and a leveler. Optionally, the electrolytic
solution further comprises other additives such as a chloride
ion, other halides such as bromides, and wetting agents.
Electrolytic solution 7 is also in contact with an anode 11
immersed in the solution. As noted, wafer 1 comprises a surface
3 containing a via 5. A seed layer 13 is deposited at the
bottom and along the sidewall of via 5, and over a designated
area D of surface 3 of the wafer. An electrolytic circuit is
established as electrolysis proceeds comprising anode 11,
solution 7, a power source 15, and a metalizing surface which is
copper that is deposited as the seed layer 13 and 13A. During
the course of forward current flow, copper of the seed layer and
electrolytic copper deposited onto the seed layer function as a
cathode in the electrolytic circuit. Optionally, a cell divider
membrane (not shown) may be interposed between the anode and the

metalizing substrate which functions as the cathode.

[0035] To facilitate bottom filling of the via, the
electrolytic bath in which pre-wet wafer 1 is immersed is
agitated, e.g., by circulating the electrolytic solution between
cell 9 and an electrolytic solution supply vessel 17 via a
circulating pump 19, or alternatively or additionally by the
effect of a mechanical agitator 21. On application of a

sufficient direct current potential from power source 15, copper
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is deposited from the electrolytic solution onto the metalizing
substrate. Due to the electrodeposition potential gradient in
the via as arising from the suppressor and leveler
concentrations gradient that develops as a result of the
differential between the diffusion rates of accelerator and
suppressor, and sharpened by the effect of agitation, wvia 5

fills preferentially from the bottom.

[0036] During the filling cycle, in accordance with this
invention, the polarity of the power source is reversed to
establish an anodic potential at the metalizing substrate during
at least a small plurality such as two to five intervals, in
order to desorb and significantly repel leveler and/or
suppressor that may have diffused into the via, which tends to
raise the requisite negative electrodeposition potential, and
retard the rate of deposition. An anodic potential is
maintained for a period that is effective to desorb and
significantly repel leveler and or suppressor, arrest and/or
reverse the increase in required electrodeposition potential,
preferably to maintain and/or restore a favorable rate of
electrodeposition without appreciable dissolution of copper from
the sides of the wvia, and most preferably to redirect the
current distribution so that the current density at the bottom
of the via is increased relative to the current density over the
field and upper reaches of the via. During the anodic interval,
the positively charged leveler and/or suppressor molecules are
driven off and repelled a significant distance from the now
positively charged electrodic surface of the metalizing
substrate, preferably to an extent sufficient that, when
cathodic current is resumed, the concentrations of leveler and
suppressor at the metal surface and in the boundary layer do not
immediately return to the levels prevailing Jjust prior to the
anodic interval, and a more favorable distribution of current
density prevails for a reasonable time after the end of the

anodic pulse. For example, for a period of at least 30 seconds,



WO 2012/103357 PCT/US2012/022758

17

preferably at least 60 seconds after the anodic interval, the
proportion of total current distributed to the bottom of the via
may exceed the proportion of current distributed to this
location during the cathodic interlude just prior to the anodic
interval; and the absolute current density at the bottom is
typically also increased for at least a similar period as
compared to the bottom current density just prior to the anodic

interval.

[0037] The effect of the anodic potential can be equated to
"magnetic repulsion." The favorable redirection of current may
also be associated with a decrease in the circuit potential
required to maintain a constant total circuit current density,
or with a higher overall circuit current density at constant
potential, and these effects may also be measurable and persist
over a comparable period of time. But the purpose of the anodic
interval is primarily the redirection of current density rather
than a reduction in overall impedance of the circuit which
includes resistive elements other than boundary layers and

leveler occlusion of the metallizing substrate.

[0038] After each anodic potential interval, the normal
polarity of the power source is re-established so that the
metalizing substrate functions once more as a cathode and the
electrodeposition resumes at a restored or enhanced rate. If
the anodic potential interval is sufficient in duration and
charge transfer density, forward current is not only restored
but preserved at a reasonably productive level for a significant
interlude before any further anodic potential interval becomes

necessary or desirable.

[0039] It should be recognized that the copper deposition
process in filling through-silicon via is a leveler driven
process. Thus, some amount of leveler is necessary for
successful gap fill. However, an over-abundance or accumulation

of leveler in the bottom of the via, or at the metallic copper
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front as the copper deposit grows upwardly from the bottom, may

be detrimental in successful TSV fill.

[0040] More than a short millisecond range anodic pulse is
necessary to achieve the desired leveler depolarization and
repulsion of the metalizing substrate for further function as a
cathode when the polarity of the power source is returned to its
normal orientation for deposition of copper. Thus, the anodic
potential intervals contemplated by the process of the invention
differ sharply from the reverse pulses that were known to the
art in conventional pulse current electrodeposition processes.
The mode of operation and efficiency of an electrodeposition
process requires sufficient time and charge transfer to desorb
and appreciably repel the large highly charged leveler molecules
which otherwise severely retard the copper deposition rates.

The duration of the anodic potential interval is also preferably
sufficient to desorb and significantly repel the suppressor
which, unlike the leveler, does not acqguire an unbalanced
positive charge, but which is polarizable under the influence of
the electrical field. The brief though frequent reverse pulses
that are conventionally applied to deal with concentration
polarization at anode or cathode in the prior art have not been
found as effective for removal and signficant repulsion of
adsorbed leveler. Although the brief pulses of the conventional
processes may be sufficient for transient disruption of the
physisorptive and/or electrostatic attachment of the leveler
(and/or suppressor) molecules to the copper surface, such brief
pulses are generally not sufficient to prevent instantaneocus re-
sorption at the end of the pulse, or to restore the differential
current density condition favoring selective and rapid bottom
filling that is achievable using the process of the invention.
Aside from duration, the anodic intervals of the instant process
differ from the pulses of the conventional reverse pulse

processes with respect to frequency, regularity (periodicity),
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and relationship to forward (cathodic) current flow as expressed

in terms of either duration or charge transfer.

[0041] Typically, prior art reverse pulse processes have
been devised to prevent polarization of the anode due to release
of oxygen or other gases produced by oxidation of anions within
the electrolytic solution, and/or to prevent or reverse
concentration polarization of the cathode. As is known in the
art, the anode may optionally be constituted of a material which
is soluble in the electrolytic solution under electrolysis
conditions; e.g., a copper anode may be used which is oxidized
during electrolysis to furnish copper ions that are deposited on
the metalizing substrate which supplies electrons to the
solution during forward current operations. However, because a
soluble anode is consumed in the electrolytic process, its
dimensions change, its area typically diminishes, and its

ability to sustain the electrolytic current deteriorates.

[0042] In many applications, it is preferred to use an
anode constituted of a material, or at least coated with a
material, which is insoluble under the electrolytic current
conditions. Such an anode is dimensionally stable and preserves
a predictable capacity for supplying and conducting current, and
for maintaining stable electrical field lines, during the
plating and via filling cycle. However, a drawback of
dimensionally stable anodes is the tendency to polarize due to
release of gases, most typically oxygen, in the course of the
oxidation reaction that necessarily takes place at the anode to
balance the reduction reaction occurring at the cathode. As
described, e.g., in references such as Meyer et al. US
6,793,795, very brief and regular reverse pulses help to prevent

gas accumulation and polarization of the anode.

[0043] As discussed above, the brief, periodic and frequent
reverse pulses of the prior art are also effective to deal with

concentration polarization at the cathode by maintaining or
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restoring the concentration of metal ions and adjuvants in the

boundary layer.

[0044] While effective to limit or prevent polarization at
the anode, brief and regular pulses as described in Meyer et al.
and similar references have not been found effective for
depolarizing a cathode at which the electrodeposition potential
has been adversely affected by the diffusion and adsorption of a
high molecular weight, highly charged leveler. In order to
reliably achieve the result provided by the process of the
invention, it has now been found that the anodic potential
intervals must be significantly longer (one, two, or more orders
of magnitude longer) than the typically millisecond duration of
the reverse pulses in a conventional reverse pulse process.
Moreover, it has further been discovered that, for desorption of
leveler to depolarize a cathode that has been polarized by
excess leveler occlusion, the requisite number of anodic
potential intervals is many times fewer than the number of
reverse pulses that are imposed on the waveform in order to
depolarize the anode according to processes such as that

described by Meyer et al.

[0045] The number of anodic intervals imposed is variable
within a wide range. 1In order to minimize any sacrifice in
power efficiency, it is generally preferred to implement no more
anodic intervals than necessary; but for any system, overall
excellent productivity can be achieved by particular
combinations of the number and duration of anodic intervals.
Thus, a schedule of relatively frequent anodic intervals may
tend to maximize the average forward (cathodic) current density
during the cathodic interludes, especially the current density
in the bottom of the vias to which the current is preferable
directed by the effect of the anodic intervals, while a lesser
number of anodic intervals tends to increase the proportion of
time in which cathodic current prevails, and thus maximize

cumulative duration of cathodic current over any given
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electrolytic plating cycle. For any given circuit, the number,
duration and frequency of anodic intervals are subject to suil

generis (system specific) optimization.

[0046] Typically, it has been found that from only one to
up to hundreds, such as one to ten, anodic potential intervals
are sufficient. For example, it has been found that as few as
one to five, or even one to three anodic potential intervals can
be sufficient. However, in other systems a greater number may
be preferred. Experienced operators can readily arrive at a
schedule which achieves the salutary benefits of the process of
the invention. 1In any case, there do not appear to be any
barriers to using several tens or even several hundreds of such
anodic intervals, which in fact in some applications may prove
tolerable or even efficacious. But because anodic intervals
represent a brief interruption in the forward deposition of
metal, there does not appear to be technical motivation to use
more anodic intervals or longer anodic intervals than are
required to achieve the desired desorption and repulsion. More
intervals and longer intervals and even cumulatively higher
current transfer intervals may at some point result in the
undesirable dissolution of dissolved copper. The process can
proceed satisfactorily with substantial interludes of forward

current operation between successive anodic potential intervals.

[0047] In a process in which the forward current flow is,
e.g., in the range of 0.01 to 100 mA/cm?, preferably 0.25 to 10
mA/cm’, the anodic current during the anodic potential intervals
is preferably in the range of only 0.1 to 10 mA/cm?, preferably
0.2 to 1.0 mA/cm”. Higher anodic current densities can be
tolerated but may not be necessary. If the anodic current
density is greater than necessary, or the anodic potential
interval longer than necessary, unwanted dissolution of copper
and/or seed layer ensue, with consequent extension of the
filling cycle and/or void formation. Limited dissolution of

copper during an anodic potential interval can be acceptable,
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but not preferred, and not necessary to achieve the desired

extent of leveler desorption.

[0048] In accordance with the invention, it has been found
that each anodic potential interval should have a duration of at
least about 0.01 seconds, more normally at least about 0.1
second, such as at least about 0.5 seconds or at least about 2
seconds and not greater than about 100 seconds, most preferably
not greater than about 30 seconds, e.g., in the range of between
about 0.1 and about 100 seconds, between 0.5 and about 100
seconds, between 1 and about 100 seconds, between about 0.1 and
about 30 seconds, between about 0.5 and about 30 seconds, or
between about 2 and about 30 seconds. Conveniently and
advantageously, the length of an individual anodic potential
interval in some embodiments is between about 2 and about 10
seconds, providing an average anodic current charge transfer
density of at least about 5x107° coulombs/cm?, preferably between
about 3x10™* and about 0.3 coulombs/cm” integrated over the total

electrodic area of the metalizing surface.

[0049] Very little sacrifice in power efficiency is
suffered from the anodic current intervals provided in the
process of the invention. There is seldom a need for an anodic
current interval longer than about 15 seconds, and none of the
anodic current intervals need prevail to the extent of an
average charge transfer density greater than about 0.3
coulombs/cm? integrated over the total electrodic area of said
metalizing substrate. By way of further example, the relative
infrequency and modest duration of the anodic current intervals
translates into a ratio of cumulative charge transfer density in
the electrolytic circuit during copper deposition within the
cathodic via filling cycle to the cumulative charge transfer
density during the sum of all intervals of anodic current during
the cycle that is at least about 50:1, more preferably at least
about 80:1, still more preferably at least about 100:1, most

preferably at least about 300:1, or even greater than about
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1000:1. The typical charge transfer density ratio is between
about 500:1 and about 100,000:1, preferably between about
1,000:1 and about 50,000:1, most typically between about 3,000:1
and about 30,000:1.

[0050] Similarly, the ratio of cumulative forward
(cathodic) current duration to anodic current duration within
the filling cycle is preferably at least about 30:1, more
preferably at least about 80:1, still more preferably at least
about 150:1, and most preferably at least about 200:1. The
typical time duration ratio is between about 30:1 and about
500:1, more preferably between about 80:1 and about 300:1, most
typically between about 150:1 and 300:1.

[0051] Expressed in other te