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(57) ABSTRACT 

Several techniques are described for reducing or mitigating 
the formation of seams and/or voids in electroplating the 
interior regions of microscopic recessed features. Cathodic 
polarization is used to mitigate the deleterious effects of 
introducing a Substrate plated with a seed layer into an elec 
troplating solution. Also described are diffusion-controlled 
electroplating techniques to provide for bottom-up filling of 
trenches and vias, avoiding thereby sidewalls growing 
together to create seams/voids. A preliminary plating step is 
also described that plates a thin film of conductor on the 
interior Surfaces of features leading to adequate electrical 
conductivity to the feature bottom, facilitating bottom-up 
filling. 
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PROCESS FOR ELECTROPLATING METALS 
INTO MCROSCOPIC RECESSED FEATURES 

REFERENCE TO RELATED APPLICATIONS 

0001. This application claims priority from U.S. Provi 
sional Patent Application 60/105,699, filed Oct. 26, 1998, 
which is incorporated herein by reference, 

BACKGROUND OF THE INVENTION 

0002 1. Technical Field 
0003. This invention relates to electroplating and, in par 

ticular, to electrochemical deposition of metals, most particu 
larly to the electrochemical deposition of copper into micro 
scopic recessed features such as high aspect ratio trenches 
and vias as may occur in the fabrication and packaging of 
integrated circuits. 
0004 2. Description of Related Art 
0005. The art of integrated circuits is moving irresistibly 
towards increased density of components and fasteroperating 
speeds. One problem encountered in decreasing the size of 
components fabricated on an integrated circuit relates to the 
conductivity of metallic interconnections. Conventional inte 
grated circuits use aluminum as a conductor but for future 
generations of Submicron components, the conductivity of 
aluminum is not sufficiently high to give desired perfor 
mance. Smaller dimensions for conductive interconnections 
lead to higher resistance and degraded circuit performance. 
The trend in modern integrated circuit design is to substitute 
higher conductivity copper for aluminum conductors. 
0006 While copper apparently has sufficiently high con 
ductivity to handle the foreseen submicron electronic com 
ponents, its use brings challenges as well. For example, cop 
per (Cu) tends to diffuse readily into the insulator and other 
layers making up the integrated circuit, necessitating the 
interposition of special barrier layers to prevent Cu diffusion. 
Tantalum (Ta) and/or tantalum nitride (TaN) are common 
copper barrier layers. Such barrier layers may play dual roles; 
preventing unwanted diffusion of Cu and providing improved 
adhesion between the Cu metal and the underlying layer. 
0007 Conductive interconnections on integrated circuits 
typically take the form of trenches and vias. In modern sub 
micron integrated circuits, trenches and vias are typically 
formed by a “damascene' or “dual damascene” process as 
described, for example, in the reference ULSI Technology, 
Eds. C. Y. Chang and S. M. Sze (McGraw-Hill, 1996, pp. 
444-445.) In damascene processing, an interlayer dielectric 
(typically SiO) is deposited atop a planarized layer contain 
ing, for example, a metal via. The top dielectric layer is 
patterned and etched, typically using conventional photo 
lithographic procedures. Metal is then deposited into features 
and on the flat field region atop the features, typically first by 
CVD, PVD and then by electrodeposition. The metal layer is 
typically planarized resulting in the desired metallic pattern. 
Dual damascene processing is similar but makes use of two 
patterning and etching steps and typically fills features with 
metal spanning more than one layer in a single metallization 
step. A more complete description of damascene and dual 
damascene processing is found in the cited reference. 
0008 Thus, as the art moves towards integrated circuits 
having reduced feature sizes, it becomes increasingly difficult 
to form electrically conductive metallizations such as Vias, 
contacts and conductors. Techniques for forming Such met 
allizations include physical vapor deposition (PVD), chemi 
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cal vapor deposition (CVD), plasma enhanced chemical 
vapor deposition (PECVD) and electrochemical deposition 
(also referred to as electroplating or electrodeposition) of 
metals such as copper. Electroplating is particularly well 
suited for the formation of small embedded damascene fea 
ture metallization due to the ability to readily control the 
growth of the electroplated film for bottom-up filling without 
Voids, and due to the Superior electrical conductivity charac 
teristics of the electroplated film. However, there are also 
several obstacles which need to be overcome to fully realize 
these advantages. 
0009. One challenge facing dual damascene processing 
techniques noted above is the difficulty of initiating the 
growth of the metal film within recessed features without 
forming voids or seams. In typical PVD and some CVD 
processes, metal may preferentially deposit near the top of 
recessed features leading to a “bottleneck” shape. Further 
plating of metal onto the bottleneck may result in sealing the 
top of the feature before completing filling the feature with 
metal, creating thereby a Void. Voids increase the resistance of 
the conductor over its designed value due to the absence of 
planned-for conductor. Also, trapped electrolyte sealed in 
Voids may corrode the copper. This may lead to degraded 
device performance or device failure in extreme cases. It 
would be desirable to provide electroplating processes that 
reduce or avoid Such problems. 
0010. Another factor in metallization that needs to be con 
sidered is the time the metallization process takes to com 
plete. As integrated circuits increase in complexity, the num 
ber of processing steps typically also increases. It is important 
in process economics (that is, keeping the cost per unit low) 
that such processes are reasonably rapid. Slow processes are 
disadvantageous in that increasing the work-in-progress 
increases the capital needs of the production process. A 
related consideration is the cost of the equipment needed to 
perform the required plating process. Thus, achieving reason 
ably high processing speeds and the ability to use less costly 
equipment are among the goals to be sought in an electroplat 
ing process. 
0011. A field layer of copper typically has a thickness 
from approximately 1000A to approximately 3000 A lying 
atop a barrier layer of typically tungsten (W) Ta, TaN among 
other choices. Ta/TaN are the typically preferred materials for 
the barrier layer due to their relatively superior ability to 
mitigate the diffusion of Cu. Diffusion of Cu into the dielec 
tric layer may ruin the circuit. An additional function of the 
barrier layer is to provide improved adhesion between the Cu 
field layer and the underlying dielectric layer. These barrier 
layers typically have thicknesses from approximately 100 A 
to approximately 400 A. 
0012 FIG. 1 is a top plan view of a typical section, 12, of 
a substrate, 10. Substrate 10 can be any article to be electro 
plated Such as a semiconductor wafer upon which integrated 
circuits are fabricated. Formed in (or in a layer lying over) 
Substrate 10 may be one or more trenches (a typical example 
is denoted by 14) and vias 16, 16a, 18. Although only a single 
trench 14, and three vias 16, 16a and 18, are illustrated for 
simplicity of discussion, it is understood that typically a large 
number of trenches and vias may beformed in substrate 10. It 
is common in a typical damascene or dual-damascene struc 
ture occurring in the fabrication of integrated circuits that Vias 
occur in trenches to provide electrical contact between a 
conducting trench and a different level. This is depicted as 
16a in FIG. 1. However, it is more convenient to describe 
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trenches and vias in a non-overlapping configuration as 
depicted by 14, 16 and 18 for purposes of illustration, under 
standing thereby that Vias occurring in trenches, 16a, are 
included. 
0013 Trench 14, vias 16, 16a and 18 are typically filled 
with an electrically conductive material Such as a metal, e.g. 
copper, to form electrically conductive metallizations. For 
example, trench 14 may be filled to form a single layer con 
ductor. As further examples, vias 16, 16a and 18 may be filled 
to form electrically conductive vias between interlevel con 
ductors or to form contacts with semiconductor regions. 
0014 While a typical Cu seed layer onto which Cu is 
electroplated is 1000A to 3000 A thick, the feature widths to 
be plated are commensurate in size. Present features are 
around 3000-4000A (0.3-0.4 micron, um) and future features 
are expected to be in the range 1000-2000 A. Thus, the num 
ber and size of the features can have a significant fractional 
effect on the projected surface area to be bottom-up fill elec 
troplated and, therefore, on the current that must be delivered 
to effect electroplating in a reasonable time. 
0015 FIG. 13 depicts the effect of increasing the number 
of features on the current required to fill the trenches (for a 
fixed fill time). This means that the current required to fill 
features in a specified amount of time increases with the 
fraction of features on the Surface. In addition to process 
economics, we demonstrate herein that the process of the 
present invention make use of the time for electrochemical 
reactions to occur on Surfaces in effecting proper metal filling 
of features. Thus, the number of features on the Surface to be 
coated (feature density) as well as the aspect ratio of the 
features determine the current needed to effect plating in a 
specified time. 
0016 FIG. 14 depicts the increase in surface area as an 
increasing fraction of the Surface contains features, also illus 
trating the effect of increasing aspect ratio “AR” for either 
trench or via. FIG. 14 presumes all trenches or all vias are the 
same size for purposes of illustration while practical inte 
grated circuits will have both. This reinforces the conclusion 
of FIG. 13 that current may vary substantially from case to 
case (wafer type to wafer type) depending on the density and 
characteristics of the features. 

0017 FIG. 2 is a cross-sectional view of substrate 10 along 
the line II-II of FIG.1. Referring to FIGS. 1 and 2, a seed layer 
20 is typically formed over the entire substrate 10. Seed layer 
20 is typically a conductive layer overlaying a barrier. The 
conductive layer is typically a sputtered (PVD) copper film 
although other conductors and other methods of deposition 
(such as CVD, PECVD, etc.) are not excluded. The barrier 
layers are typically Ta, TaN. Ti, TiN. The function of the seed 
layer is to allow electrical current to be distributed across 
substrate 10 thereby facilitating electroplating. Seed layer 20 
typically covers the flat principal surface 22 of substrate 10 
(hereinafter “field region 22) and also lines the inside of 
trench, 14, and vias 16, 16a and 18. 
0018. In conventional electroplating, the thickness of seed 
layers 20 on sidewalls 14S, 16S, 18S of trench 14, vias 16, 18. 
respectively, is commonly significantly less than the thick 
ness onfield region 22. This can be understood by considering 
a simple geometric model wherein seed layers 20 are 
assumed to be deposited uniformly on field region 22 and the 
material which would have been deposited on field region 22 
over trench 14, via 16 or 18 is evenly distributed within the 
respective trench or via. Thinning of the deposited layers in 
trenches and vias occurs according to this model due to the 
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geometric fact that the trench or via presents more Surface 
area to be coated by a given amount of coating material than 
would a substantially flat field region. It is useful to consider 
such layer thinning in terms of the aspect ratio (“AR”) of the 
feature. The AR of a trench or via is defined as the ratio of 
depth to width of the feature. Vias are depicted as square in 
FIG. 1 for convenience only. Vias can be square, circular or 
other cross section. The discussion of Vias herein illustrated 
by reference to square vias is readily modified to apply to 
circular vias or to vias having other shapes as well. The AR is 
thus taken to be the ratio of the via's depth to a typical linear 
dimension in the plane of field region 22. A more precise 
definition of AR is not necessary for a description of the 
present invention. 
0019 Sidewall thinning according to this model is illus 
trated in FIG.3, which depicts on the vertical axis the ratio of 
the feature sidewall thickness (trench or via) to the field 
region thickness of seed layer 20 depicted as a function of the 
AR of the feature. As shown in FIG. 3, as the AR becomes 
large, the thickness of seed layer 20 on sidewalls 14S, 16S, 
18S can decline to less than 10% of the thickness of seed layer 
20 on the field region 22. 
0020. In practice, the difficulty of depositing metal uni 
formly on the sides of trenches and vias to form a seed layer 
is further exacerbated by the following effects: 1) The gener 
ally directional nature of the PVD sputtering process, 2) 
greater deposition at the opening of the feature (“necking) 
and 3) The relative inaccessibility of the feature to species 
transported by diffusion. Thus, in practice the portions of the 
sidewalls near the bottom of the feature tend to receive the 
thinnest seed layer. 
0021 Referring again to FIG. 2, the relative thinness of 
seed layer 20 on sidewalls 16S (for example) results in a 
relatively high electrical resistance R between field region 22 
and the bottom 16B of via 16. This resistance R impedes 
electroplating current distribution to bottom 16B and conse 
quently inhibits or prevents formation of an electroplated 
layer on bottom 16B. For similar reasons, increased resis 
tance results between seed layer 20 and 14B, 18B, inhibiting 
or preventing formation of an electroplated layer on the bot 
tom 14B of trench 14, and 18B of via 18, respectively. Simi 
larly, increased resistance results between seed layer 20 and 
14B, 18B. 
0022 FIG. 4 is a cross-sectional view of substrate 10 along 
the line II-II of FIG. 1 after electroplating in accordance with 
conventional electroplating methods. As shown in FIG. 4, an 
electroplated layer 24 has been electroplated on substrate 10 
and in trench 14, vias 16, 18. Often due to the increased 
resistance encountered in delivering current to bottom 16B of 
via 16, a teardrop shaped void 26 can be formed in via 16 by 
Such electroplating methods. The specific shape of the Voids 
or seams formed in a feature generally depends on the AR of 
the feature, the electroplating conditions and other factors. 
0023. Since via 18 has a smaller AR than via 16 (in this 
illustration), seed layer 20 may have a thickness on sidewalls 
18S sufficient to support an electroplating current to bottom 
18B. Nevertheless, seams/voids may form, depicted as 28, if 
conditions for bottom-up filling (current, electrolyte, additive 
concentration, etc.) are not achieved 
002.4 Voids and seams in electroplated features are unde 
sirable for several reasons. Voids and seams disrupt the elec 
trical continuity of the resulting metallization and hence 
unpredictably increase the electrical resistance. In extreme 
cases, Voids and/or seams may result in an open circuit. Fur 
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thermore, the Voids and seams can trap impurities, including 
the acid plating solution. Entrapped acid plating Solution can 
corrode the circuit and add significant internal pressure as the 
circuit/chip heat during operation. Device failure may result. 
0025. Accordingly, the present invention relates to an 
improved method of reliably electroplating high AR features 
including methods of reducing or eliminating the formation 
of Voids and seams in electroplated features. 

BRIEF SUMMARY OF THE INVENTION 

0026 Electroplating metals onto semiconductor surfaces 
is one common way for providing metal contacts and conduc 
tors in the manufacture of integrated circuits. However, as 
integrated circuit features become ever Smaller, electroplat 
ing without the formation of seams and/or Voids becomes 
more challenging. The present invention identifies several 
Sources of such seams/voids within the electroplating process 
and describes several mitigating techniques. 
0027 Deposit of a conducting seed layer onto a substrate 
and microscopic recessed features often does not provide 
adequate metallization of the feature walls, leading to poor 
electroplating. The poor electrical quality offeature sidewalls 
and bottom is observed to worsen when the substrate is 
brought into contact with the electroplating solution. The 
present invention describes techniques of cathodic polariza 
tion to avoid the exacerbating effects of contact with electro 
plating solutions. 
0028 Avoidance of seams/voids requires bottom-up fill 
ing of recessed features. The present invention describes dif 
fusion-controlled electroplating in which additives that Sup 
press electroplating are preferentially removed from the 
feature bottom, leading to preferential electroplating of the 
bottom and, hence, bottom-up filling. 
0029. Bottom-up filling requires adequate electrical con 
ductivity from the field region of the substrate to the bottom of 
the feature. A preliminary plating step is described in the 
present invention leading to thin films of conductor from the 
field region to the feature bottom. These films are deposited 
by an electrodeposition process making use of electroplating 
Suppressing additives to insure uniform film formation. 
0030. As bottom-up filling proceeds, high aspect ratio fea 
tures become low aspect ratio features, amenable to confor 
mal electroplating techniques to finish the filling of trenches 
and vias. Techniques for filling very low AR features (“pads') 
in reasonable short processing times are also described. 

BRIEF DESCRIPTION OF THE DRAWINGS 

0031 All drawings are schematic and not to scale. 
0032 FIG. 1 is a top plan view of a section of a typical 
substrate to be electroplated. 
0033 FIG. 2 is a cross-sectional view of the substrate 
along the line II-II of FIG. 1. 
0034 FIG. 3 is a graph of the ratio of feature sidewall 
thickness to the field region thickness of a seed layer versus 
the respective feature AR. 
0035 FIG. 4 is a cross-sectional view of the substrate 
along the line II-II of FIG. 1 after electroplating. 
0036 FIG.5A is an enlarged view of region 100 of FIG.2 
illustrating early stage degradation of seed layer. 
0037 FIG. 5B is an enlarged view of region 100 of FIG. 2 
illustrating corrosion of copper layer and oxidation of tanta 
lum layer likely to occur in conventional electroplating. 
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0038 FIG. 6 is an enlarged view of region 100 of FIG. 2 
following the initiation phase of the present invention. 
0039 FIG. 7 is a cross-sectional view of substrate 10 along 
the line II-II of FIG. 1 after the initiation phase of the present 
invention. 
0040 FIG. 8 is the cross-sectional view of FIG. 7 during 
the early stages of the bottom-up filling phase of the present 
invention. 
0041 FIG.9 is the cross-sectional view of FIG. 8 at a later 
time in the bottom-up filling phase of the present invention 
than the depiction of FIG. 8. 
0042 FIG. 10 is the cross-sectional view of FIG. 9 at a 
later time in the bottom-up filling phase of the present inven 
tion than the depiction of FIG. 9. 
0043 FIG. 11 depicts a typical cathodic-anodic-cathodic 
current duty cycle for the bottom-up filling phase according to 
the present invention. 
0044 FIG. 12 is an enlarged view of FIG. 9 depicting 
redistribution of material as facilitated by the reversal of 
electroplating current. 
0045 FIG. 13 depicts the increased current required for 
bottom-up filling as the percentage of wafer Surface occupied 
by trenches increases for specified process times. 
0046 FIG. 14 depicts the '% surface area increase as a 
function of the '% features for various feature aspect ratios 
(“AR”). 
0047 FIG. 15 demonstrates that for typical additive con 
centrations present in electroplating baths, the initial additive 
present in trenches and vias is insufficient to coat the feature 
Surfaces with a significant fraction of a monolayer, leading to 
an initial period of effectively additive-free plating behavior 
in features. 
0048 FIG. 16 shows the estimated induction period for 
plating additive adsorption inside features. 
0049 FIG. 17 shows the estimated induction period for 
adsorption of plating additives. 
0050 FIG. 18 illustrates the thermodynamic basis for the 
formation of TaOs on feature sidewalls. 
0051 FIG. 19 shows the equivalent circuit model for 
trench and via filling. 
0052 FIG. 20 illustrates model calculations for the effec 
tive electrical resistance and Voltage drops in the filling of 
Small features. 
0053 FIG. 21 is a graphical depiction of nucleation phe 
nomena in features. 
0054 FIG. 22 is an example of a possible bipolar pulse 
plating waveform appropriate for the filling phase (phase 3). 
depicting cathodic (growth/deposition) current, off time, 
anodic time during which copper is removed (re-dissolved), 
potentially another off time and resumption of the cathodic 
current. To insure net plating of copper, the time-current 
relationship must obey the constraint that the time-integrated 
cathodic current exceed the time-integrated anodic current. 
This bipolar pulse plating waveform may be particularly use 
ful in preventing the formation of bottlenecks as the anodic 
pulse can remove developing bottlenecks. Typical anodic cur 
rents are longer than about 5-10 milliseconds in duration. 
0055 FIG. 23 shows the results of bipolar pulse plating 
waveform for filling phase depicting improved filling with 
anodic pulse (right) in comparison with dc process (left). 
0056 FIG. 24 is a summary of optimization for bipolar 
pulse plating for filling phase derived from series of experi 
mental results for various types of pulse plating waveform. 
Generally, higher anodic currents improve top filling (avoid 
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ance of voids near the top of features). Lower cathodic cur 
rents tended to improve filling. 
0057 FIGS. 25-32 are examples of bipolar pulse plating 
waveforms for the filling phase 3. 
0058 FIG.33 is a summary of conclusions derived from 

tests depicted in FIGS. 25-32. 
0059 FIG. 34 is a comparison of Hollow Cathode Mag 
netron (“HCM) PVD deposition with Ionized Magnetized 
Plasma (“IMP) PVD deposition showing more severely dis 
cretized films on the feature walls resulting from the IMP 
process as well as more pronounced necking effects. 
0060 FIGS. 35 and 36 show experimental current sweep 
for various sweep and current conditions for phase 3 bottom 
up filling. The results demonstrate current Sweeping is effec 
tive in bottom-up filling of all aspect ratio features as well as 
bottom-up filling repair. 
0061 FIG. 37 gives examples of plating during initiation 
phase, phase 2, at various currents and for various times as 
shown. The features are vias of approximately 1 um depth and 
width as noted in Field 3 and Field 4. The structure of the film 
is shown after initiation plating according to the specified 
conditions. 0.5 amp shows significantly more metal at the 
bottom of the via than 0.1 amp. 
0062 FIG. 38 depicts corrosion upon phase 1 (entry) of 
the wafer into the electroplating bath in which a time delay 
(“induction time’) occurs before the cathodic polarization is 
introduced, as would be required to permit complete wetting 
of the wafer, for example. An induction period of as short as 
2 seconds shows depletion of copper. 
0063 FIGS. 39 and 40 show the effect of conformally 
depositing another layer (“backfilled”), amorphous silicon in 
these figures to increase the aspect ratio. This is a technique to 
study the electroplating of smaller features when such fea 
tures may not be reliably fabricated by present technology. 
Different magnifications are shown. 
0064 FIG. 41 shows the initiation phase plating (phase 2) 
using low currents such that the relative resistance of feature 
top and bottom is high in comparison with diffusion resis 
tance. At low current, the relative resistance of Surface reac 
tion to diffusion is high. Thus, conformal plating occurs with 
out substantial depletion effect (depletion of copper due to 
reaction occurring faster than diffusion to the reaction site). 
Slow plating rate favors conformal plating. Additionally, low 
plating current has a small additive depletion effect, further 
increasing conformality. Bottom-up filling does not occur at 
these low current levels, 0.5 amp. 
0065 FIG. 42 relates to the initiation phase of FIG.41 and 
various conditions tested. 
0066 FIG. 43 relates to unipolar pulse conditions for the 
initiation phase, phase 2. 
0067 FIGS. 44-46 depict the relative merits of unipolar 
pulsing or the lack thereof in the initiation phase, phase 2. 
0068 FIG. 47 relates to phase 1 entry phase and an induc 
tion period of 2 seconds following the entry of the wafer into 
the plating bath before a current of 7 amps is turned on. Poor 
film nucleation is observed. 
0069 FIG. 48 has the conditions of FIG. 47 but the initial 
7 amp current (after a 2 second induction period) ramps up to 
7 amps over a period of 15 seconds. Film nucleation margin 
ally better than FIG. 47 is observed, but still classified as poor. 
0070 FIG. 49 duplicates the plating conditions of FIG. 47 
but for a feature having a smaller AR. 
(0071 FIG.50 duplicates the plating conditions of FIG. 48 
but for a feature having a smaller AR. 
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0072 FIG. 51 shows 2 second induction delay in applying 
current in phase 1, entry phase. Two step application of cur 
rent is depicted, 1 amp for 15 seconds followed by 7 amp. 
0073 FIG. 52 shows various induction delays in applying 
current in phase 1, entry phase. these figures depict that a low 
current initial stage is important although an induction delay 
prior to application of the first (low) current level is to be 
avoided. 

DETAILED DESCRIPTION OF THE INVENTION 

0074. In the following description and figures, similar ref 
erence numbers are used to identify similar elements. 
0075. The present invention is directed towards the plating 
of copper onto the surfaces of high AR features as would 
typically be encountered in the fabrication of integrated Cir 
cuits. However, it is not the intent of the present inventors that 
the invention be inherently so limited. Procedures described 
herein will find application in other areas of the field of 
electrodeposition. However, to provide concrete and definite 
expression, we describe in detail herein, the plating of copper. 
007.6 Typical electroplating baths will contain the metal 
to be plated, the associated anions in a typically acid solution. 
Copper electroplating is typically performed from a solution 
of CuSO dissolved in an aqueous solution of sulfuric acid. In 
addition to these major constituents of the plating bath, it is 
common for plating baths to contain several additives. Addi 
tives” is intended to mean herein any type of compound added 
to the plating bath to change the plating behavior. Additives 
are typically, but not exclusively, organic compounds. Typi 
cally, additives are present in low concentrations in the plat 
ing bath. Additive concentrations in the range of parts-per 
million (ppm) are typical, perhaps 20 to 400 ppm. 
0077. There are three general types of plating bath addi 
tives of interest in the practice of the present invention. Sup 
pressor additives retard the plating reaction, increasing the 
polarization. Typical Suppressors may be large molecules (for 
example, polymers) that may have an-ionic end group, for 
example a Surfactant. Increasing the Surface polarization 
layer prevents the copper from adsorbing onto the Surface. 
Suppressors canthus function as blockers. Suppressors cause 
the resistance of the Surface to be very high in comparison to 
the electrolyte diffusion or electrical resistance. Often ppm 
levels of chloride ion are required for suppressers to be effec 
tive. 
0078. Accelerator additives (catalysts) accelerate the plat 
ing reaction. Accelerators may be rather Small molecules, 
perhaps containing Sulfur and need not be ionic. Accelerators 
absorb onto the Surface and increase the current. Accelerators 
may occur not as the species directly added to the electroplat 
ing bath, but as breakdown products of Such molecules. In 
either case, the net effect is to increase current flow and 
accelerate the reaction when such species are present (or 
become present through electrochemical breakdown). 
0079 Levelers behave like suppressors buttend to be more 
electrochemically active than Suppressors and typically are 
consumed during plating. Levelers also tend to accelerate 
plating on depressed regions of the Surface undergoing plat 
ing, tending thereby to level the plated surface. The above 
descriptions of additives are intended to be qualitative only. 
Specific additives are described elsewhere herein. 
0080. In addition, additives adsorbed on the surface may 
undergo breakdown as Voltage is increased, forcing current 
through the surface in spite of the adsorbed species. These 
breakdown products typically accumulate in recessed regions 
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of the surface (that is, in regions less accessible to diffusion of 
species from the bulk electroplating Solution). Such accumu 
lation of breakdown products in recessed regions aid in that 
region becoming active for plating in Such recessed regions. 
0081. The additives used in the practice of the present 
invention affect plating behavior both by their chemical and 
physical behavior. Additives chemically affect the plating 
behavior according to their intent. However, additives 
undergo chemical transformation to a greater or lesser extent 
as the reaction proceeds. The chemical and physical proper 
ties of the reaction products may also have an effect on the 
plating processes of the present invention. 
0082. The present invention is concerned chiefly with the 

filling of Small, recessed features typically having high ARS. 
Thus, the present invention is directly concerned with prop 
erties of the plating bath and the plating process inside Vias 
and trenches. Diffusion of species in and out of such regions 
is an important consideration in the present invention as 
described in detail elsewhere herein. 

0083. One of the first considerations in evaluating the 
effects of additives on plating is to estimate the amount of 
additive present in Vias and trenches before plating begins. 
That is, when the surface to be plated is introduced into the 
plating bath, what amount of additive material may be 
expected to be found inside vias and trenches? This estimate 
is given in FIG. 15. FIG. 15 gives typical ppm levels for 
additives in plating baths and the estimated amount of addi 
tives to be found invias and trenches. The calculations of FIG. 
15 lead to the conclusion that there is insufficient additive 
initially resident in the interior of typical features to coat the 
interior walls of the features by a significant fraction of a 
molecular monolayer. In other words, if all additives initially 
present inside features were to deposit on the walls immedi 
ately at time t-0, there would be insufficient concentration on 
the walls to have a significant effect of the type the additive is 
intended to have. Thus, the effect of additives on the plating 
behavior inside features is subject to a time delay or induction 
period. During this induction period, additional additive mol 
ecules diffuse into the vias and trenches to deposit on the 
walls thereof and cause the intended behavior. However, it is 
important in the practice of the present invention that the 
additive induction period inside trenches and vias be recog 
nized and utilized. FIG. 16 estimates that this induction 
period is of the order of 2 to 3 seconds. These numbers are 
intended to be qualitative estimates only to demonstrate an 
induction period of the order of seconds rather than micro 
seconds or hours. Different induction periods will occur for 
different additive species depending on their diffusivity in the 
plating bath and under the particular conditions of current and 
Voltage. Ionic additives (for example, chloride) and Small 
organic molecules will be expected to diffuse more rapidly 
than large, uncharged species. But, for an induction period of 
the order of seconds, the walls of the features to be plated 
seem-to-be in contact with a substantially additive-free elec 
trolyte. Thus, during this induction period the walls of the 
features are taking up (adsorbing) additional additives and 
increasing the property the additive brings to the plating pro 
CCSS, 

0084. There are other factors tending to keep features 
additive-free in addition to the small amount of additive ini 
tially brought into the feature with the plating bath. Typically, 
additives will be adsorbed onto the walls of the features as 
well as onto the (much larger) field region. As more additive 
diffuses to the Surface from the plating bath, adsorption onto 
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the field region will predominate over diffusion into the fea 
ture and adsorption onto the feature walls. In addition, with 
the passage of time the additives adsorbed onto field regions 
will be chemically broken down, thereby freeing adsorption 
sites on the easily accessible field region. The net effect is that 
the interior of the features plates as if plating from an additive 
free bath for some induction period at the beginning of the 
plating process before additives reach equilibrium between 
residence in the plating bath and adsorption on the feature 
walls. See FIG. 17. 
I0085. In accordance with the present invention, a method 
of electroplating is presented which is particularly well suited 
for electroplating Small features having high AR. Addition 
ally, embodiments of the present invention relate to processes 
of electroplating a Substrate having features with various ARS 
in a manner efficiently producing good quality coating for all 
Such features. 
I0086. The present invention typically includes four dis 
tinct phases designed to reduce or eliminate one or more 
problems commonly associated with conventional electro 
plating of recessed features. 
I0087 As noted above, the initial PVD copper deposition 
typically results in thin copper seed layers on the walls and 
bottoms of trenches and vias. In addition to being thin, the 
morphology of the coating on walls/bottoms of trenches/vias 
can be non-uniform, consisting of isolated islands of copper 
lying on an underlying layer of tantalum (or other material). If 
exposed to oxygen or water, a tantalum oxide layer may form. 
This oxide layer may constitute the entire thickness of the Ta 
film. The inventors have observed that placing a substrate 
having Such islands into an electrolyte plating bath generally 
exacerbates wall/bottom non-uniformity, likely due to spon 
taneous electrochemical etching. Thus, the first phase, 
referred to as “the entry phase, includes procedures to reduce 
or avoid etching and corrosion of the copper seed layers 
within the features and thereby maintain the integrity of the 
seed layer for Subsequent phases. 
I0088 As the first, entry, phase avoids exacerbating the 
wall/bottom non-uniformity, the second or “initiation phase' 
tends to selectively repair the non-uniformity in the recessed 
features. This initiation phase includes nucleation and growth 
resulting in island-bridging of the seed layer non-uniformity 
within the features. During the initiation phase, the seed layer 
within the features is overlaid with another layer that is more 
uniform and has desired bottom-up filling properties. 
0089. The features next must be filled with conductive 
material in Such a manner as to reduce or eliminate the for 
mation of seams and/or voids. It is found that features having 
ARs typically in excess of 0.5 (“high AR”) require different 
electroplating conditions from those having low ARS (less 
than approximately 0.5) in order to achieve electroplating 
with seam/void reduction (or elimination). It is useful to 
describe the present invention in terms of the different con 
ditions required for filling high and low AR features as two 
separate phases. However, as high AR features fill according 
to the desired bottom-up manner, the feature's AR decreases. 
In actual practice of the present invention in Some of its 
embodiments, the electroplating conditions are changed in a 
continuous manner to achieve filling of first high then low AR 
features Smoothly. However, to make the discussion more 
definite, we consider the filling of high AR features separate 
from filling of low AR features. 
0090 The filling of high AR features according to the 
present invention is referred to as “the bottom-up electrofill 
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ing phase.” This phase involves the deposition of electrically 
conductive material preferentially onto the bottoms of the 
high AR features. The formation of seams and voids is 
reduced or avoided for features of all sizes and ARs in this 
phase while preferentially electroplating conductive material 
onto the bottoms of high AR features. 
0091. The fourth phase, referred to as “the low AR feature 
filling phase involves the electroplating of electrically con 
ductive material into low AR features, typically with an AR 
less than 0.5. This fourth phase is carried out pursuant with 
the present invention with the reduction/elimination of 
seams/voids. 
0092. Some embodiments of the present invention can be 
practiced without the use of high-current pulsed power Sup 
plies. This results in cost savings both in the use of less 
expensive power Supplies and also in avoiding the costs of 
associated hardware (wiring, contacts, etc.) typically 
required by high-current pulsed power Supplies. 

1. The Entry Phase 
0093 FIG. 5A is an enlarged view of the region 100 of 
FIG. 2 illustrating early stage degradation of seed layer 20 as 
observed by the inventors. In this example for purposes of 
providing a concrete illustration, seed layer 20 includes a 
tantalum layer 102 and a copper layer 104. Illustratively, 
tantalum layer 102 may have a thickness typically in the range 
of 200-350 A on field region 22 and copper layer 104 may 
have a typical thickness in the range of 800-2000 A on field 
region 22 although layers of other materials and/or having 
other thickness can also be used. Thicknesses in trenches and 
vias are typically 10% of the field region values. As shown in 
FIG.5A, copper layer 104 is often seen to form agglomerates 
or islands 106 of copper. Consequently, regions of tantalum 
layer 102 are exposed between islands 106. 
0094 FIG. 5B is an enlarged view of the region 100 of 
FIG. 2 illustrating corrosion of copper layer 104 and oxida 
tion of tantalum layer that is likely to occur in conventional 
electroplating procedures. As shown in FIG. 5B, the exposed 
regions oftantalum layer 102 are subject to oxidation, thereby 
forming patches or regions 108 of tantalum oxide intantalum 
layer 102. Regions 108 are thus regions of relatively high 
electrical resistivity compared to the remaining unoxidized 
portions of tantalum layer 102. This behavior of tantalum 
layer 102 represents one impediment to adequate and uniform 
distribution of electroplating current to bottom 16B of via 16 
(FIG. 1). 
0095 Referring now to both FIGS.5A and 5B, and FIG. 
18, copper layer 104 is typically continuous near the top of the 
feature and tends to be discontinuous (“island-like') near the 
bottom of the feature. As noted above, shadowing by the 
feature walls and diffusion-accessibility explain preferential 
copper deposition near the tap of features. The underlying Ta 
layer is converted to oxide, 108, where exposed to humidity, 
water or oxygen. Thus, a region comprising islands of con 
ductor, 106, atop a continuous layer of oxide, 108, acts largely 
as an electrical insulator, failing to distribute electroplating 
current to bottom of features. The reactions of interest area 

resulting in an insulating layer of Ta-Os, exacerbating the 
difficulty in getting electricity to the bottoms of the sidewalls 
of the feature. This is among the problems making plating of 
the interior walls of vias and trenches, especially the lower 
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walls, particularly difficult. We have effectively isolated 
islands of copper atop an insulating layer of tantalum oxide. 
(0096 FIG. 19 illustrates an equivalent circuit model for 
the electrical behavior of the interior surfaces of features. R, 
is the film resistance which is reasonably high due to the 
presence of tantalum oxide along the sidewall. There are two 
interfacial resistances, R. that indicates the resistance of 
electron transfer across the interface, charge-transfer resis 
tance, or the coupling resistance between a copper ion in 
Solution and an electron on the Surface combining with the 
copperion. W denotes diffusion resistance for copper ions. In 
the presence of a tantalum oxide surface, R, is large and 
electrons prefer the route at the top of the trench, leading to 
top-of-trench plating, bottlenecking and a poor filling of the 
feature. 

(0097 FIG. 20 presents model calculations for the effective 
electrical resistance and Voltage drops to be expected to occur 
in the filling of small features. Two conclusions result. If 
metallic tantalum remains, electrical resistance to the bottom 
of the feature is small. Iftantalum oxide is present, the elec 
trical resistance to the bottom of the feature will be large and 
require special processing to Support bottom-up filling. 
0098. The inventors observe that when substrate 10 is 
placed in an electroplating bath, further degradation of the 
copper layer within trenches and vias is the typical result. This 
may be due to a corrosion reaction quickly oxidizing copper 
layer 104. The corrosion reaction may involve a redox reac 
tion between dissolved oxygen in the electrolyte and copper 
layer 104, with electrons flowing from the point at the surface 
where oxygen is reduced, to islands 106 in via 16 which are 
preferentially corroded. The reducing component of this 
redox reaction is not limited to regions near islands 106 in via 
16. In fact, field region 22 is the more likely source of the 
majority of the reduction reaction because field region 22 is 
better exposed to replenished oxygen from the flowing elec 
trolyte (assuming that seed layer 20 has sufficient electrical 
conductivity to carry the electrons from field region 22 to 
islands 106). The half reactions of interest are: 

O+4H+4e->2H2O EF1.229 V (vs Standard 
Hydrogen Electrode, “SHE) (1) 

Cu->Cu2+2e Eo-0.342 V (vs SHE) (2) 

0099 Thus, placing a substrate coated with seed layer 20 
into the plating electrolyte wider open circuit conditions 
results in copper etching (corrosion). 
0100 Copper etching is particular pronounced for islands 
106 in via 16 (or other feature) which can be understood as a 
combination of two effects: 1) the relatively larger surface 
energy of curved islands compared to planar layers; and 2) the 
larger Surface area of copper typically exposed to the electro 
lyte (per unit of Substrate area) in regions rich in islands in 
comparison to planar regions. In particular, assuming a hemi 
spherical island 106 (phase 1, copper in this embodiment) on 
a layer 102 (phase 2, tantalum in this embodiment) sur 
rounded by a liquid (phase 3, electroplating solution in this 
embodiment), the total free energy of formation of the island 
106 as a function of the island radius r, AG, is 

where O, O, O. are the Surface energies (tensions) of the 
various interfaces, copper-tantalum, copper-solution, tanta 
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lum-solution respectively. AG is the Volumetric free energy 
change associated with the formation of island 106 with 
respect to a given solution. If equation (4) is expressed on a 
molar basis, one obtains (in joules per mole of material of 
island 106): 

where V, is the molar volume of copper. 
0101 From equation (5) one can readily derive the ther 
modynamic potential of formation of an island 106 with a 
particular radius r with respect to an infinitely large island 
(r-soo): 

{3(2O3+o 12-O23)/(2rv)} (6) 

Equation 6 illustrates that a significant potential difference 
exists between a particle having a small radius r and a planar 
Surface of the same material. That is, a Voltmeter connecting 
the two would show a significant Voltage reading. Since 
islands 106 are electrically connected to copper layer 104 on 
field region 22, islands 106 tend to dissolve at the expense of 
forming the larger copper layer 104 on field region 22. Thus, 
upon being placed into the electroplating solution, copper 
layer 104 will tend to be etched and, more particularly, islands 
106 of copper layer 104 will be preferentially etched relative 
to copper layer 104 on field region 22. This etching of copper 
on sidewalls 16S of via 16 further increases the electrical 
resistance leading to the bottom of trenches and vias, provid 
ing another impediment to distribution of electroplating cur 
rent to the bottoms of features. This nucleation effect is 
depicted in FIG. 21. To prevent this growth of copper islands, 
a cathodic potential should be applied of Sufficient magnitude 
to overcome the effects of Eq.(6). 
0102 Therefore, destruction or degradation of the rela 

tively thin copper layer on sidewalls 16S of via 16 (and other 
features) is detrimental to achieving an effective electroplat 
ing process. In accordance with the present invention, copper 
layer 104 is preserved by cathodically polarizing seed layer 
20 relative to the solution. In one embodiment, seed layer 20 
is cathodically polarized by pre-setting a power Supply to 
provide a small cathodic current typically in the range of 
about 0.1 to 5 mA/cm which flows from the anode to seed 
layer 20 immediately upon the seed layer 20 contacting the 
electrolyte. The actual current value will depend on the plat 
ing solution, feature density, quality of seed layer and other 
conditions. In another embodiment, a slightly cathodic Volt 
age (i.e. a negative Voltage Such as -10 mV.) with respect to a 
reference electrode (for example, Cu wire in the electrolyte) 
is applied to seed layer 20 prior to seed layer 20 making 
contact with the electrolyte. The present invention demon 
strates that Substantial improvement in feature electroplating 
is achieved by these procedures. 
0103) Through the use of the entry phase described above, 
copper islands 106 and thin copper layer 104 tend to remain 
intact upon entry of the Substrate into the electroplating bath. 
However, even if islands 106 are preserved, seed layer 20 may 
not have sufficient electrical conductivity to distribute elec 
troplating current to bottom 16B of via 16 to achieve bottom 
up filling. We note that this entry phase may not prevent 
oxidation of the tantalum layer since the oxidation may occur 
due to environmental conditions well before the electroplat 
ing process begins. 
0104. As noted, one embodiment of the process of phase 1 

is to cathodically polarize the Substrate prior to immersion in 
the plating bath. That is, as soon as the plating bath contacts 
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the Substrate, the cathodic polarization is in place and begins 
its effect. An alternative embodiment is to immerse the sub 
strate unpolarized into the plating bath and, after a few sec 
onds, apply cathodic polarization. It may be preferable in 
certain instances to permit the substrate to be fully wetted by 
the plating bath, bubbles dissipated, etc. before cathodic 
polarization is applied. The effects of Such tests are given in 
FIGS. 38-40 waiting about 2 seconds before current is 
applied. As shown, a delay of as long as 2 seconds seems to 
cause loss of copper. Thus, any pause before application of 
cathodic polarization to the Substrate needs to be quite short. 
0105 Depicted in FIGS. 47-52 is the effect of applying a 
cathodic polarization with a low current value then increasing 
to a higher current value. As shown in the figure, this two step 
current procedure (applied Substantially contemporaneously 
with, or before, contacting the plating bath), leads to some 
what improved preservation of the copper. Thus, increasing 
current in time, perhaps in steps or ramping up, seems to 
better preserve the copper. 
0106 The above system makes use of two electrodes. The 
cathode, or working electrode, is the substrate to be plated. 
The second electrode, anode, or counter electrode in this case 
is a copper electrode, providing the Source of plating copper 
as well as the second electrode. Other types of counter elec 
trodes that do not Supply copper can be used. Such as Ti, Pt. 
etc. A third or reference electrode may optionally be included 
that carries no current. The reference electrode is typically 
used as a probe for measurement of Voltage, or in controlled 
potential processes. The phase 1 procedures discussed herein 
needs to be polarized negative with respect to the reference 
electrode (Solution potential). 

2. The Initiation Phase. 

0107 The purpose of the initiation phase is to nucleate and 
to grow a relatively thin conducting film in a conformal man 
ner onto a relatively poor Substrate surface (Such as a Surface 
with islands or a spotted film as depicted in FIG. 5). 
(0.108 FIGS. 37 and 41 depict the effects of low currents 
under conditions so the relative surface resistance of the 
upper and lower portions of the feature sidewall is high com 
pared to the diffusion resistance. At low currents, the relative 
resistance of Surface reaction is high, leading to conformal 
plating inside the feature. The rate of plating is sufficiently 
low at every position along the sidewall that there is no 
significant depletion effect anywhere. The depletion effect 
relates to copper diffusing to the Surface at a rate slower than 
the copper reduction and plating on the Surface, resulting in 
copper diffusion being the step limiting the rate of copper 
plating. However, the current is intentionally kept sufficiently 
low herein that the plating rate is Small compared to the 
diffusion, leading to Substantially conformal plating every 
where inside the feature. 
0109. In addition, at very low currents, suppression addi 
tives are not significantly depleted. Low current leading to 
slow plating (slow compared to the rate of diffusion of copper 
and additives to the surface) results in no preference for 
copper or suppression additives for either the top or the bot 
tom of the feature. Thus, the effective resistance on the Sur 
face remains large and Substantially constant everywhere, 
leading to conformal plating. Conformal plating permits 
increased currents to be delivered to the entire feature depth of 
the feature. Increasing the current at this stage leads to deple 
tion of suppression additives preferentially at the bottom of 
the feature (where replenishment through diffusion is slower 
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than near the top of the feature). Bottom-up filling is the 
result, described in more detail as phase 3. Examples of both 
conformal and bottom-up filling are given in the figures. 
0110 FIG. 6 is an enlarged view of the region 100 of FIG. 
2 Subsequent to the initiation phase in accordance with the 
present invention. As shown in FIG. 6, a conductor layer 110 
has been formed on copper layer 104. Conductor layer 110. 
typically formed of the same electrically conductive material 
as layer 104, e.g. copper, has thickness Sufficient to Support 
electroplating current distribution to bottom 16B of via 16. 
Illustratively, conductor layer 110 will typically be relatively 
thin, having a thickness of up to about 500A (Angstroms). 
0111. Three procedures have been found by the inventors 
to perform adequately in this initiation phase. All three make 
use of additives typically used in electroplating Solutions, 
commonly mercaptopropane Sulfonic acid, dimercaptopro 
pane Sulfonic acid and the like that aid in the nucleation 
process (typically referred to as brighteners, nucleation cata 
lysts or accelerators), and Suppressors (such as polyethylene 
glycol, polyethylene oxide, polypropylene oxide, mixtures 
and co-polymers thereof). 
0112. In the first embodiment, conductor film 110 is 
formed by applying a low dc net cathodic current, illustra 
tively in the range of 0.1 to 5 mA/cm. Using a relatively low 
dc net cathodic current allows additives in the electrolyte to 
adsorb onto the copper layer 104 from the bulk of the elec 
trolyte solution. The additives are found not to be signifi 
cantly depleted in the bulk solution by this process. Electrore 
duction causes the additives to be consumed at relatively low 
rates due to the relatively low current density applied, suffi 
ciently low that additive replenishment by diffusion occurs. 
The additives adsorbed to copper layer 104 inhibit electro 
plating to those regions adsorbing additives, and thus tend to 
uniformly redistribute the electroplate material of conductor 
layer 110. The relatively low dc current is not sufficient to 
cause bottom-up filling (required in later phases) because, as 
described below, bottom-up filling requires additive deple 
tion. 

0113. Without additives, conductor layer 110 would be 
preferentially deposited in certain regions, e.g. regions to 
which electroplating current is preferentially distributed. Cer 
tain additives tend to impede electroplating by adding a sig 
nificant electrical resistance in series with other electrical 
resistance in the electrodeposition circuit. If this additive 
created electrical resistance is sufficiently large, the deposi 
tion rate in regions of the surface having additives will be 
reduced in comparison with those regions lacking additives. 
Thus, the deposition rate can be equalized by a proper choice 
of additive leading to uniform (conformal) deposition rates. 
Conducting layer 110 can thus have a relatively uniform 
thickness. The relative concentration of nucleation additives 
(brighteners) can be adjusted with respect to other additives to 
improve the uniformity of conductor layer 110, but the use of 
low current is found to be the most effective method of 
achieving the desired uniformity (that is, currents sufficiently 
low to avoid additive depletion). 
0114. The second method for performing this initiation 
phase also involves the use of relatively small net dc cathodic 
currents (typically 0.1 to 5 mA/cm) onto which are super 
imposed short cathodic current pulses in the range of 25 to 
250 mA/cm with pulse lengths in the range of 0.5 to 10 ms at 
a relatively low duty cycle in the range of 0.2 to 10%. These 
Superimposed pulses aid in the formation between islands 
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that are Subsequently gown to fill the gaps during the low 
current (pulse off) portion of the duty cycle. 
0115 A third approach involves use of small, net dc 
cathodic current onto which is Superimposed an alternating 
cathodic and anodic current pulse or wave at a moderate duty 
cycle. For example, an applied low dc net cathodic current in 
the range of 0.1 to 5 mA/cm onto which are superimposed 
alternating cathodic and anodic current pulses in the range of 
25 to 250 mA/cm with pulse lengths in the range of 0.5 to 10 
ms at a moderate duty cycle in the range of 10 to 50%. It is 
believed that Superimposing an alternating cathodic and 
anodic current pulse may enhance formation of conductor 
film 110 better than superimposing only a cathodic current 
pulse in some instances, perhaps by enhancing film activa 
tion. 
0116 Conductor film 110 is also formed on copper layer 
104 on field region 22. Accordingly, conductor film 110 
reduces the electrical resistance from the edge of substrate 10 
to the various features on substrate 10. (The electrical inter 
connection between Substrate 10 and the electroplating appa 
ratus is typically established at the edge of substrate 10.) 

3. The Bottom-Up Filling Phase. 

0117 Highest AR features are the most constricted and fill 
first in time because these features most quickly in time 
become depleted of additives. Additive depletion increases 
the plating rate, leading to preferential filling of higher AR 
features in which diffusion of suppression additives to the 
bottom of the feature is slowest. For a given fixed current 
density, higher AR features lead to depletion most quickly 
and plating starts to accelerate earlier in time. Very Small 
aspect ratio features require a higher current to lead to bot 
tom-up filling, because they are less restrictive to diffusion of 
suppression additives to the plating site. Very low AR features 
plate conformally throughout. Preferably, the current for bot 
tom-up filling should begin low to plate preferentially the 
bottoms of the largest AR features. Ramping up the current 
leads to plating of smaller AR features in the bottom-up mode 
as higher rates of additive diffusion are required to “keep up' 
with the higher plating brought about by increasing current. 
0118. Substrates to be electroplated according to the 
present invention will generally have both high and low AR 
features. The primary focus of the present invention is 
directed towards overcoming the particular problems occur 
ring in electroplating high AR features. Nevertheless, in plat 
ing high AR features, the present invention typically does so 
in a manner so as to permit Subsequent electroplating of low 
AR features in an efficient manner without seams or voids. 
Additionally, the present invention as practiced on high AR 
features typically involves filling such features from the bot 
tom-up. Thus, as the depth of the feature decreases faster than 
the width, the AR necessarily also decreases reducing high 
AR features to low AR features as electroplating proceeds. 
This bottom-up filling phase is thus directed at preferentially 
depositing conductor on the bottoms of high AR features. The 
fourth and final electroplating phase completes the seamless/ 
voidless electroplating of low AR features which, at the 
beginning of this fourth phase, includes all features, including 
formerly high AR features now having low ARs. 
0119 This bottom-up filling phase makes use of plating 
additive mixtures to achieve a high degree of “redistribution 
power” (that is, preferentially directing electroplating to 
Small regions and recesses generally inaccessible to the plat 
ing electric field and to bulk solution materials). It is believed 
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that some of these additives are consumed (reduced) as a 
necessary side reaction to the main copper deposition pro 
cess. There is also evidence for the interaction between such 
organic additive species. Whatever the precise mechanism of 
interaction, the present invention makes use of depletion and 
diffusion-limited replenishment to deposit copper selectively 
on the bottoms of high AR features. 
0120. The bottom-up filling phase essentially makes use 
of preferential deposition of copper on Surfaces that may be 
lacking Suppressive additives (or concentrating additive 
breakdown products that may act as catalysts) in the imme 
diate region. Thus, diffusion through the electrolyte deter 
mines the rate at which additives arrive at the surface (or 
breakdown products can be removed) while the current flow 
determines how rapidly the additives are consumed. For bot 
tom-up filling of high AR features, the phase commences with 
reasonably low currents. Thus, the bottoms of the most dif 
fusion-constrained features (highest ARs) will be the only 
regions Substantially lacking Such additives and, thus, the 
only regions significantly receiving deposited copper. As 
Such regions fill, less diffusion-constrained regions require 
electroplating. This is achieved in the present invention by 
increasing the current flow Such that additive depletion occurs 
in the most diffusion-limited regions (still bottoms of fea 
tures) although less diffusion-constrained than the bottoms of 
higher AR features (now partially filled). Thus, the essential 
operation of the bottom-up filling phase involves the follow 
ing steps: Selecting additives, electrolyte conditions and cur 
rent flows such that only the most diffusion-limited regions at 
the bottoms of the highest AR features receive substantial 
electroplating in stepwise or continuous manner. Increasing 
the current flow continuously, thereby electroplating progres 
sively less diffusion-limited regions of features. Finally, only 
low AR features remain for electroplating, leading to the 
fourth and final phase. Specific embodiments follow. 
0121 FIG. 7 is a cross-sectional view of substrate 10 along 
the line II-II of FIG. 1 after the initiation phase in accordance 
with the present invention. As shown in FIG. 7, conductor 
layer 110 now covers field region 22 and lines trench 14, vias 
16, 18. (Although only conductor layer 110 is labeled and 
illustrated in the Subsequent figures for purposes of clarity, it 
is understood that seed layer 20 underlies conductor layer 
110.) As set forth above, conductor layer 110 has a thickness 
and electrical conductivity sufficient to distribute electroplat 
ing current to bottoms 14B, 16B, 18B of trench 14, vias 16, 
18, respectively. 
0122. At this point, if a relatively high electroplating cur 
rent were applied to conductor layer 110, voids and seams in 
trench 14, via 16, 18 similar to conventional seams 28, 30 and 
void 26 as illustrated in FIG. 4 are likely to result. That is, this 
is thought to be due to the fact that additives contained in the 
electroplating solution within the features would deplete over 
much of the feature wall and bottom surface in the presence of 
high currents, and, due to the constrained flow in the features, 
not be promptly replenished. This depletion would negate the 
leveling effect of the additives on the deposition of metal 
resulting in deposition of the electroplated material at the 
same rate on the feature bottom as the feature sidewall. Since 
the features are much deeper than wide, seams or voids would 
tend to beformed as the walls constrict the lateral extent of the 
feature more rapidly than it fills. Further, diffusion limitations 
of the ions of material to be electroplated cause the electro 
plated material to be preferentially deposited in the features 
nearer to the field region 22 rather than closer to the bottom of 
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the feature, thus enhancing formation of seams and Voids. 
Avoidance of seams and Voids is a primary feature of the 
present invention, negated in this phase if relatively high 
currents are used. 

(0123 To avoid seam and void formation, the features are 
preferentially filled from the bottom-up. Referring again to 
FIG. 7, to effect bottom-up filling, substrate 10 is immersed in 
an electroplating solution 112 or more typically remains in 
solution 112 from the previous initiation phase. Solution 112 
contains electroplating additives 114 Such as mercaptopro 
pane sulfonic acid (MPS), dimercaptopropane sulfonic acid 
(SPS), N N dimethyl dithiocarbamic acid-3-sulfopropyl 
ester (DPS), polyethylene glycol and/or polypropylene gly 
col. Commercial products such as EnthoneTM (OMI, Inc., 
New Haven, Conn.), Cu-Bath-SCTM and Cu-Bath-NTM, Shi 
pley Ronal (Marlborough Mass.), Copper UltrafillTM, to men 
tion just a few, may also be usefully employed in the practice 
of the present invention. Only a single additive 114 is labeled 
for purposes of clarity. However, additives can be used singly 
or in combination as a mixture of distinct chemical species. At 
this point in the process of the present invention, additives 114 
are essentially uniformly distributed in solution 112 and in 
trench 14, Vias 16, 18. 
(0.124 FIG. 8 depicts the cross-sectional view of FIG. 7 
during the initial stage of a bottom-up filling phase in accor 
dance with the present invention. Referring now to FIG. 8, 
there is initially a time for adsorption of additives to occur 
before an initial electroplating current is applied to conductor 
layer 110. Following this finite transition after the part is 
placed into the plating Solution, electroplating current is 
applied. For example, a dc current in the range of approxi 
mately 1 to 300 mA/cm may be applied to conductor layer 
110. 
0.125 Of importance, at essentially all expected concen 
trations of additive 114, e.g. between 20 to 300 ppm contained 
in the initial solution, there is insufficient additive 114 stored 
in via 16 to lead to substantial surface absorption of additive 
114 on conductor layer 110 in via 16. By “substantial surface 
absorption' we intend the formation of a monolayer of addi 
tive 114 on conductor layer 110. Thus, additive 114 must 
diffuse from the bulk of solution 112 and into via 16 to allow 
substantial surface absorption of additive 114 on conductor 
layer 110 in via 16 since a boundary layer typically separates 
the substrate from the bulk of the solution and the concentra 
tion of various species in the bulk of the solution is substan 
tially unaffected during the electroplating process. The diffu 
sion of additives 114 from the bulk of solution 112 into via 16 
takes a significant amount of time, e.g. on the order of sec 
onds. 

0.126 FIG. 9 is the cross-sectional view of FIG. 8 further 
along in the bottom-up filling phase in accordance with the 
present invention. As shown in FIG.9, a significant amount of 
additive 114 has adsorbed on sidewalls 18S and bottom 18B 
of via 18. As alluded to above in the initiation phase discus 
sion, adsorbed additives tend to inhibit electroplating. In the 
case when copper is to be electroplated, the significant 
amount of additive 114 adsorbed on conductor layer 110 in 
via 18 prevents any appreciable copper deposition in via 18. 
0127. In the absence of current, the additive materials will 
eventually be adsorbed essentially everywhere. One approxi 
mate model is that the additive is consumed by incorporation 
into the Surface or conversion into another compound at the 
Surface. The applied current essentially establishes a unique 
potential in the metal phase (everywhere along the Surface 
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and in the trench). The rate of local consumption of additive 
is a function both of electrical potential and accessibility of 
species to the surface by diffusion (diffusion accessibility). In 
recessed regions, diffusion is relatively poor causing the addi 
tive to be replaced at a slower rate than it is consumed. Thus, 
in Such additive-poor regions there is little current Suppress 
ing effect and a resulting high current. 
0128. According to one model, it is believed that additives 
114 are consumed, e.g. reduced, during electroplating. In 
particular, it is believed that additives 114 are consumed as a 
necessary side reaction to the electroplated copper deposition 
reaction. The additive 114 consumed must be replenished by 
diffusion of additive 114 from the bulk of solution 112. As 
shown in FIG.9, additive 114 diffuses into via 16 and replen 
ishes any additive 114 consumed in via 16 near field region 
22. However, there is insufficient diffusion of additive 114 
into bottom 16B of via 16 to replenish additive 114 consumed 
on and near bottom 16B. Diffusion of additive 114 to or near 
bottom 16B of via 16 is limited due to the relatively high AR 
of via 16. This phenomenon can be contrasted to that 
observed in via 18 which has a low enough AR to allow 
additive 114 consumed in via 18 to be readily replenished 
from the bulk of solution 112. 

0129. Since additive 114 is substantially depleted near 
bottom 16B of via 16, copper is deposited on bottom 16B and 
sidewalls 16S adjacent bottom 16B. Thus, copper begins to 
fill via 16 from bottom 16B. Further, since any additive 114 
consumed in via 16 near field region 22 is readily replenished 
from the bulk of solution 112, significant deposition of copper 
on sidewalls 16S near field region 22 does not occur. The net 
result is that copper fills via 16 from bottom 16B and up. This 
is the so called “bottom-up filling in accordance with the 
present invention. 
0130. The surface concentration profile of additive 114 in 
any feature depends on several factors such as the additive 
absorption time, flow conditions, local current distribution, 
film resistance, etc. However, to a large extent, the Surface 
concentration profile depends primarily on the AIR of the 
feature. To illustrate, assuming that trench 14 has the same 
AR as via 16, trench 14 also shall experience bottom-up 
filling but possibly to a lesser extent since additive 114 is 
depleted on the entire circumference 16S of via 16 but only on 
two sidewalls 14S of trench 14, a ratio of 4/2 for square vias 
or 1/2 for cylindrical vias, favoring depletion in vias in both 
cases. Thus, as shown in FIG.9, the optimal set of conditions 
for bottom-up filling often varies depending upon the particu 
lar feature. Further, over time, as via 16 is filled from bottom 
16B up, the effective AR of via 16 decreases. Eventually, 
assuming a net current, additive depletion in via 16 would be 
readily replenished thus decreasing or eliminating the bot 
tom-up filling selectivity. 
0131 FIG. 10 is the cross-sectional view of FIG.9 further 
along in the bottom-up filling phase in accordance with the 
present invention. As set forth above, if the bottom-up filling 
electroplating current was maintained at its initial value, bot 
tom-up filling selectivity would begin to diminish for low AR 
features such as the now partially filled via 16 and trench 14. 
To maintain bottom-up filling selectivity for low AR features 
(or to obtain bottom-up filling selectivity for low AR features 
previously lacking Such selectivity Such as via 18), the elec 
troplating current is increased. Illustratively, the bottom-up 
filling phase is initiated with a dc current in the approximate 
range of 0.0 to 5.0 mA/cm and increased over a period in the 
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range of 3 to 60 seconds to a maximum dc current in the 
approximate range of 4 to 45 mA/cm. 
I0132 Referring to FIG. 10, as the electroplating current is 
increased, the electroplated copper deposition rate increases 
as does the rate of consumption of additive 114. Conse 
quently, diffusion of additive into via 18, which was previ 
ously sufficient to readily replenish any additive 114 con 
sumed in via 18, now becomes insufficient to replenish 
depletion of additive 114 near bottom 18B of via 18. Since 
additive 114 is substantially depleted near bottom 18B, cop 
per is deposited on bottom 18B and sidewalls 18S adjacent 
bottom 16B. Thus, copper now begins to fill via 18 from 
bottom 18B. Further, since any additive 114 consumed in via 
18 near field region 22 is readily replenished from the bulk of 
Solution 112, significant deposition of copper on sidewalls 
18S near field region 22 does not occur. The net result is that 
copper fills via 18 from bottom 18B and up. Trench 14, via 16, 
which now have lower ARs, also continue to fill from bottoms 
18B, 16B, respectively, for similar reasons. Thus, by increas 
ing the bottom-up filling electroplating current over time, 
optimal bottom-up filling results regardless of the character 
istics (e.g. AR) of the feature. 
I0133. In certain cases where features are particularly dif 
ficult to fill such as features having extremely high ARs or 
bottle-necks, the application of anodic pulses during the bot 
tom-up filling phase avoids seam and void formation. FIG. 11 
is a graph of current versus time for an illustrative bipolar 
pulse plating waveform in accordance with the present inven 
tion. FIG. 12 is a cross-sectional view of via 16 of FIG. 10 
illustrating the redistribution of electroplated layer 116 using 
the bipolar pulse plating waveform depicted in FIG. 11. 
I0134) Referring to both FIGS. 11 and 12, initially a 
cathodic current J is applied to conductor layer 110 for a time 
periodt. Illustratively, cathodic current I can be in the range 
of 3 to 45 mA/cm and time periodt can be in the range of 1 
to 200 m.sec. In one particular embodiment, cathodic current 
I is 15 mA/cm and time period t is 100 m.sec. Multiple 
cathodic pulses with off times and multiple anodic pulses 
with off times can also be used, depending on the desired 
grain structure, growth rates and bottom-to-top selectivity 
desired. During the application of the cathodic current I, via 
16 is filled selectively from bottom 16B as discussed above. 
I0135). Following application of cathodic current I, no cur 
rent is applied during an off-time period t, during which 
relaxation and replenishment of additive 114 and copper ions 
in via 16 occurs (additives 114 are not shown in FIG. 12 for 
purposes of clarity). 
0.136 An anodic current I, is then applied to conductor 
layer 110 for a time periodt. It is believed that time periodt 
be sufficient to establish diffusion-controlled conditions of 
additive within the feature during the anodic pulse and that, 
on the Subsequent cathodic pulse, Sufficient time is allowed 
for the re-establishment of diffusion limited transfer of addi 
tives to the bottom of the feature. The anodic current pulse as 
depicted in FIG. 11 preferentially removes copper from the 
upper portion of feature walls. Thus, a plating waveform of 
the type depicted in FIG. 11 includes a portion (the anodic 
portion) tending to compensate for preferential plating on the 
upper portions of the sidewalls by preferentially de-plating 
metal for the same region. Numerous waveforms similar to 
that depicted in FIG. 11 may be employed. The reverse pulse 
waveform needs to be high enough so that substantial diffu 
Sion, back-resistance inside the trench occurs. The length of 
the pulse is determined by longer than about 10 msec. The 
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relation to charges carried in the forward and reverse pulses 
needs to be greater than 1 to result in net plating (not de 
plating).Thus, the negative area under the curve in FIG. 11 
needs to exceed the positive area. FIGS. 22-36, 41-46 are 
examples of filling with various anodic pulses under condi 
tions depicted on the figures and described in the description 
of figures. 

4. Low AR Filling Phase. 
0.137 In addition to previously high AR features (now 
partially filled) very small AR features may occur on inte 
grated circuits ('pads'). For example, a feature requiring 
metal filling may be 1:50 depth to width. Such gaping features 
will not have been significantly affected by the preceding 
electroplating steps. However, it is the function of this fourth 
phase to fill such features as well as finish the filling of those 
features whose filling has begun in previous phases. In these 
very small AR features, the metal must be plated to a level that 
the metal rises to a level higher than the field oxide layer. In 
essence, the thickness of the metal electrodeposited must 
exceed the depth of the pad such that, upon Subsequent pla 
narization, the metal remains above the pad to the desired 
thickness. In terms of processing speed, this pad filling pro 
cess is the most time consuming. For rough qualitative esti 
mates, phase 1 is of the order of a few seconds. Phase 2 is of 
the order of 10-20 seconds. Phase 3 is of the order of 30 
seconds. And the pad (or “bulk”) fill, phase 4, is of the order 
of 90 seconds. Thus, since overall process time is a consid 
eration, performing the bulk fill as rapidly as possible is 
advantageous. 
0.138. Once essentially all of the vias and trenches having 
high ARs have been filled, features with low AR (typically 
less than about 0.5) need to be filled. This generally is done by 
Substantially conformal filling since the electroplating pro 
cess is typically governed by electric field and diffusion 
dependent mechanisms during which additive depletion or 
side wall closure is not likely. Therefore, a layer of metal 
approximately equal to the dielectric layer in thickness is 
generally deposited (typically between 0.7 and 1.4 mm). Use 
of high currents increases the throughput of the process so 
long as the currents are not so high as to lead to significant 
reduction in anode service life or to additive maintenance? 
degradation. Also, compensation for non-uniformity arising 
from field shaping, wafer holder design, shielding, etc. is 
typically done at this phase of the electroplating process. 
Typical plating rates range from 15 to 75 mA/cm, more 
typically from 20 to 50 mA/cm, and most typically 25-40 
mA/cm. Metal deposited during this phase of the process is 
commonly removed in part in a Subsequent metal planariza 
tion step. 
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0.139. Having described the invention in detail, those 
skilled in the art will appreciate that, given the present dis 
closure, modifications may be made to the invention without 
departing from the spirit of the inventive concept described 
herein. Therefore, it is not intended that the scope of the 
invention be limited to the specific and preferred embodi 
ments illustrated and described. Rather, it is intended that the 
scope of the invention be determined by the appended claims. 

1-28. (canceled) 
29. A method of electroplating copper into trenches on a 

semiconductor Substrate, the method comprising: 
(a) setting a power Supply to provide a cathodic current that 

flows from an anode to the Substrate immediately upon 
the Substrate contacting an electrolyte in the plating 
bath; and 

(b) increasing the current flowing between anode and Sub 
strate to a higher level than Supplied in (a), wherein 
increasing the current is conducted Substantially con 
temporaneously with or before the substrate contacts the 
electrolyte; and 

(c) conducting an initiation phase upon the Substrate's 
entry in the electrolyte, wherein at least a portion of the 
initiation phase is conducted at a current of between 
about 0.1 and 5 mA/cm2. 

30. The method of claim 29, wherein (a) and/or (b) com 
prises applying a cathodic Voltage with reference electrode 
prior to the Substrate making contact with the electrolyte. 

31. The method of claim 29, wherein the substrate com 
prise a copper seed layer onto which copper is plated. 

32. The method of claim 29, further comprising superim 
posing current pulses on the current delivered during (c). 

33. An apparatus for electroplating copper into trenches on 
a semiconductor Substrate, the apparatus comprising: 
A vessel for containing electrolyte during plating: 
A power Supply; and 
A controller configured to 
(a) set the power Supply to provide a cathodic current that 

flows from an anode to the Substrate immediately upon 
the Substrate contacting an electrolyte in the plating 
bath; and 

(b) increase the current flowing between anode and sub 
strate to a higher level than Supplied in (a), wherein 
increasing the current is conducted Substantially con 
temporaneously with or before the substrate contacts the 
electrolyte; and 

(c) conduct an initiation phase upon the Substrate's entry in 
the electrolyte, wherein at least a portion of the initiation 
phase is conducted at a current of between about 0.1 and 
5 mA/cm2. 


