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Understanding and ultimately controlling the self-annealing of Cu in narrow interconnect lines has

remained a top priority in order to continue down-scaling of back-end of the line interconnects.

Recently, it was hypothesized that a bottom-up microstructural transformation process in narrow

interconnect features competes with the surface-initiated overburden transformation. Here, a set of

transmission electron microscopy images which captures the grain coarsening process in 48 nm

lines in a time resolved manner is presented, supporting such a process. Grain size measurements

taken from these images have demonstrated that the Cu microstructural transformation in 48 nm

interconnect lines stagnates after only 1.5 h at room temperature. This stubborn metastable struc-

ture remains stagnant, even after aggressive elevated temperature anneals, suggesting that a limited

internal energy source such as dislocation content is driving the transformation. As indicated by the

extremely low defect density found in 48 nm trenches, a rapid recrystallization process driven by

annihilation of defects in the trenches appears to give way to a metastable microstructure in the

trenches. VC 2015 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4932577]

As feature dimensions have continued to scale down-

ward, copper interconnects have been plagued by undesir-

ably high resistivity and short electromigration lifetimes due

to the persistence of a polygranular microstructure.1–3 These

Cu lines are formed using the damascene process, where pat-

terns are etched into a dielectric film and coated (typically)

with a TaN diffusion barrier, Ta adhesion layer, and Cu (or

Cu alloy) seed layer. The lines are then overfilled with Cu by

electrochemical deposition (ECD), yielding void-free lines

with a continuous overburden layer on top of the features.4

The ECD of Cu into narrow geometries requires a high

nucleation density, yielding a deposit with an extremely fine

as-plated microstructure which can transform spontaneously

at room temperature (“self-annealing”). Historically, this

uncontrolled process was circumvented using a modest ther-

mal anneal to encourage grain coarsening, yielding large co-

lumnar grains in the overburden. In wide (>100 nm) lines,

this process resulted in large bamboo-type grains,5,6 but in

narrow lines (<100 nm) the process stagnates, leaving the

polygranular microstructure which is detrimental to perform-

ance. This dilemma has contributed to a re-evaluation of pro-

duction targets, resulting in less aggressive scaling of back

end of the line (BEOL) feature sizes than had been predicted

just a few years ago.7–9

Traditionally, the microstructural transformation of the

ECD Cu deposited onto patterned substrates was thought to

begin at the free surface of the overburden and progress

down into the lines.10 Several publications, however, have

suggested that in narrow lines, high dislocation density, seed

layer texture, and minimization of the Cu-Ta interfacial

energy cause coarsening of grains in the trenches prior to the

overburden.8,11,12 In this work, TEM analysis of samples

during and after the transformation is presented supporting

the trench-initiated recrystallization hypothesis, and goes

further to show that the microstructure inside the trenches is

stable well before the transformation in the overburden is

complete.

Process of record (POR) wafers with patterned dielectric

coated with iPVD TaN, Ta, and Cu seed layer were obtained

from the State University of New York (SUNY) Polytechnic

Institute’s Colleges of Nanoscale Science and Engineering

(CNSE) 300 mm process line. Wafer coupons were mounted

onto a rotating disk electrode using a custom wafer coupon

holder described previously.13 Samples were electroplated

using from a 3-component ATMI Enthone plating solution

using a hot entry technique where the coupons were held at

constant voltage to prevent etching of the seed layer. Upon

entry, the flow of current triggered the power supply to

switch to galvanostatic plating at 5 mA/cm2 for trench fill

and 50 mA/cm2 for overburden deposition, targeting a

1000 nm overburden thickness.

For the case of room temperature annealing, the plated

sample was taken from the electroplating bath and placed

directly into the sample chamber of the FEI NovaLab 600 Dual

Beam for TEM lamella preparation. This preparation—the

extraction of a lamella and thinning to electron transparency—

takes approximately 1.5 h. As such, this sample represents the

closest to the true as-plated microstructure as we can achieve

in this sample set. In many previous studies, a sample similar

to this is considered the as-plated microstructure, but given

the rapidity of the transformation, these samples can only rep-

resent a nominal version of the as-plated microstructure.

Subsequent lamellas taken at various time points, measured in

hours after plating, were taken from the same field of lines but

at a distance of at least 500 lm away from the previous extrac-

tion sites to avoid any influence from stress relief, damage, or

sputter-redeposition due to the previous FIB cuts.

Samples for elevated annealing experiments were taken

directly from the plating station and placed in an annealing
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furnace pre-heated to 250 �C with N2 gas flow, with the

exception of the initial t¼ 0 specimen which was placed in

liquid nitrogen to prevent unwanted transformation. Samples

were removed from the annealing furnace at intervals span-

ning 2 to 60 min, allowed to cool under N2 gas for 2 min,

then quenched and stored in liquid nitrogen to prevent fur-

ther transformation. Each sample was later removed from

the liquid nitrogen individually and TEM lamellae were

extracted. Each lamella took 1.5 h from the time it was taken

out of the liquid nitrogen until it was thinned to electron

transparency.

TEM lamellae were imaged on either a JEOL 2010F

200 kV field emission TEM or an FEI Titan3 300 kV field

emission TEM. For grain size measurements, a panoramic

TEM image was compiled by stitching together several

images taken along the lamella. To ensure that all grains

could be identified by diffraction contrast, each lamella was

imaged at 3 tilt angles: along the Si 110 zone axis, þ3�

around an arbitrary axis, and �3� around an axis perpendicu-

lar to the first. These three conditions are chosen in order to

discriminate between grains of similar but not identical ori-

entation. In order to separate the behavior of the overburden

from the features, a subset of grains was identified for analy-

sis based on their location relative to the Ta liner. Only

grains inside the trench or touching the Ta adhesion layer

were traced manually from the on-axis montage. This tracing

was compared to the off-axis images to ensure all grains

were identified and counted. After tracing was complete, the

area of each grain was measured using the Fiji version of

Image J image analysis software.14 Once the area of each

grain was determined, the equivalent grain diameter could be

calculated and plotted.

Electron backscatter diffraction (EBSD) maps were

obtained using a transmission EBSD (tEBSD) technique

developed by NIST15 using the FEI NovaLab 600 Dual

Beam equipped with a HKL Nordlys EBSD detector. tEBSD

allows crystallographic orientation mapping of a TEM

lamella with 10 nm resolution, a significant improvement

over the 20–100 nm resolution usually associated with

EBSD.15

Figure 1(a) shows a bright field TEM image of a lamella

extracted from the wafer and thinned to electron transpar-

ency within 3 h of plating. In this image, two large grains,

indicated with arrows, are seen touching the Cu/Ta liner

interface while the rest of the overburden is still untrans-

formed. This evidence supports the hypothesis that the

trenches initiate transformation of the Cu microstructure, as

previously suggested by our group and others.8,11

The crystallographic orientation of these trench initiated

grains with respect to the trench sidewall can indicate a

potential underlying driving force which caused them to

grow. Figure 1(b) shows the crystal orientation maps of these

trench initiated grains, color coded (see stereographic trian-

gle as key) according to the crystal direction normal to the

sidewall. This direction (i.e., perpendicular to the copper/

liner interface) is analogous to mapping the wafer normal in

a Cu film. Typically in blanket films, the 111 direction of

copper aligns normal to film surface; this texture develop-

ment has been attributed to the minimization of Cu surface

energy.16,17 For trench-initiated subsurface grains, however,

the surface energy seems an unlikely driving force; here, the

energy of the Cu-Ta interface has a stronger influence.

Minimization of the Cu-Ta interfacial energy has been

hypothesized to cause 111 texture normal to the trench side-

wall.8 From the maps shown in Figure 1(b), however, it is

evident that this is not the case. Instead, the emergence of

arbitrarily oriented grains is the result of some other energy

reduction process occurring quite rapidly in the trench.

To further explore the transformation of the microstruc-

ture in even narrower (48 nm) lines, diffraction contrast

TEM images of the “as-plated” and annealed samples (both

room temperature and 250 �C), as a function of annealing

time were obtained. Figure 2(a) shows a bright field TEM

image of the nominally “as plated” sample. This specimen

was extracted as soon as possible after electroplating, but

because TEM lamella extraction takes time (�1.5 h), some

transformation may already have occurred. In this image,

large grains, about the size of the trench width (labeled I-V),

are already present. Some of the large grains, such as grain II

or V which occupy the entire trench width, also have straight

grain boundaries. Both of these microstructural features are

not expected in the as-plated microstructure and indicate that

some transformation has already occurred during the 1.5 h

needed for TEM sample preparation.

Figure 2(b) shows the grain size distribution of Cu

grains inside the trench and/or touching the Ta adhesion

layer, as a function of time at room temperature. Figure 2(c)

shows the analogous data as a function of time held at

250 �C. In these graphs, the grain equivalent diameter is plot-

ted on the x-axis and the cumulative probability is plotted on

the y-axis. The vertical line in the plot represents the mini-

mum size of a bamboo grain in a 48 nm line. Comparing the

FIG. 1. Trench initiated grain coarsening. (a) Bright field TEM image of

ECD Cu deposited in 70 nm lines after 3 h at room temperature showing two

large grains (red arrows) growing from the trenches up into the overburden.

(b) Transmission EBSD was used to map the crystallographic orientation of

these large grains with respect to the trench sidewall normal.
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as-plated curve with the most aggressive thermal budgets

(either 1 week/room temperature or 1 h/250 �C), remarkably

little changes. At the low end of the curves (below the 50%

mark), there is little coarsening of the grains within the

trenches, suggesting that the first 1.5 h at room temperature

during lamella preparation is already long enough for the

trench microstructure to have stabilized.

At the high end of the distribution, there is an increase

in the number of large grains (>48 nm equivalent diameter)

for the longer annealing times. These cumulative probability

curves, however, mask the location of such growing grains.

From the TEM images, it is clear that the grains at this end

of the distribution correspond to the growth of grains from

the field region and/or top of the trenches into the overburden

(while still maintaining contact with the Ta liner), as seen in

Figure 1. In other words, these large grains are not truly “in”

the trenches, although the growth appears to have initiated

within the trench.

Finally, comparison of the grain size distributions for

room temperature and 250 �C anneals shows that the micro-

structure in the trenches is similar for both temperatures. The

insensitivity of the final grain size in the trenches to anneal-

ing temperature departs from the expected transformation

behavior of Cu where the anneal temperature typically has a

strong impact on final grain size.6,18 This departure, how-

ever, supports a transformation mechanism where internal

stored energy such as deposition strain and dislocations are

the dominant energies driving the transformation. The

growth of defect-free grains will continue as long as the ma-

trix still has an internal energy source to drive the transfor-

mation, and stops once the internal stored energy is

consumed, as in a deformed metal film. Such an on/off type

FIG. 2. Transformation of ECD copper in 48 nm lines. (a) Bright field TEM image after 1.5 h at room temperature (nominally as-plated). In this image,

selected grains which span the entire trench have been marked with roman numerals to highlight the presence of these large grains. (b) Grain size distribution

of self-annealed and (c) 250 �C annealed samples as a function of time. Only grains contained within the lines or touching the Ta adhesion layer are included.
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of transformation with stored internal energy as a driving

force implies that recrystallization rather than traditional

grain growth is occurring in the trenches.19–21

Additional evidence of recrystallization can be found in

the internal structure of the grains themselves, since a hall-

mark of a post-recrystallization microstructure is the wide-

spread appearance of grains with few internal defects.19 A

side-by-side comparison of grain interiors of our samples is

shown in Figure 3, with bright field diffraction contrast TEM

images of the Cu microstructure in (a) the overburden, (b) a

1000 nm wide line, and (c) several 48 nm lines, recorded

under identical imaging conditions (Si (110) zone axis, and

30 lm objective aperture). The speckled contrast in (a) and (b)

indicates the presence of a significant number of dislocations

not seen in (c). In the overburden over 48 nm lines, the defect

density was found to be �1 � 1012 cm�2, which is similar to

defect densities typically associated with ECD Cu films.5 The

defect density in the 1000 nm lines was uniform across

the trench with a value of �9 � 1011, essentially the same as

the overburden, consistent with the expectations for

overburden-dominated transformation which has been widely

reported for wide lines.10 In the narrow lines, assuming they

had a defect density similar to the overburden, each 48 nm

trench should have 90 to 100 dislocations per 100 nm in length

(approximately the thickness of the TEM specimen). However,

the copper in Figure 3(c) does not contain 90–100 dislocations

per trench. In fact, many of the grains in the 48 nm trenches

are defect-free, as would be expected in a fully recrystallized

microstructure, adding strong evidence that recrystallization

has gone to completion in the 48 nm trenches.

This situation raises the complementary question for the

wide lines and overburden—if recrystallization explains the

lack of dislocations in the 48 nm lines, why doesn’t the same

process result in a similarly low defect density in the overbur-

den and in the 1000 nm lines? Theoretical calculations had

suggested that the energy stored in defects densities of this

magnitude was not enough to account for the abnormally large

(>5 lm diameter, in some cases) grains observed in the over-

burden.22 The presence of significant defect densities in our

samples’ overburden and 1000 nm lines even after aggressive

annealing suggests that recrystallization, which minimizes

stored internal energy (defects and deposition strain), is not

driving the transformation. Instead, these results are consistent

with a transformation driven by grain growth to minimize

interfacial energy (grain boundary and surface energy).

Realistically, both energy reduction mechanisms may be oper-

ating simultaneously; it would appear, however, that different

mechanisms dominate in different regions of the sample.

To explain the apparent trade-off between internal

energy-driven recrystallization and interfacial energy-driven

grain growth, we looked to the role of texture in transforma-

tion kinetics.23 In our previous work,11 we showed that the

seed texture in narrow lines is random, while the field is still

111-textured, as would be expected in films. After plating, the

overburden above the trenches is also 111-textured, despite

the random orientations found on the sidewall seed.24 These

differences have important implications for transformation

kinetics, according to the recent work on electroplated films.

Several such studies using high resolution x-ray diffraction

found that films deposited on untextured seed layers recrystal-

lized faster than their textured counterparts, but resulted in

smaller final grain size and lower final 111 texture. By exten-

sion, we expect that the untextured seed on the sidewall would

lead to more rapid recrystallization in the trenches, while

surface-initiated transformation of the textured overburden

would be delayed. If, by the time the overburden grains grow,

the recrystallization of Cu in the trenches has already reached

a (meta)stable configuration, the overburden will be unable to

convert the stable microstructure found in the trenches leaving

the lines with an unfavorably polygranular microstructure.

In summary, support for the hypothesized trench-initiated

grain coarsening from both 70 and 48 nm interconnect lines

was presented. Additionally, it was shown that after the initial

recrystallization of Cu in the 48 nm lines, the microstructure

in the lines is stable, consisting of several dislocation-free

grains. These results indicate that methods which retard the

stabilization of the Cu microstructure in narrow trenches or

which enhance the transformation rate of the overburden may

give the overburden-initiated grain growth time to reach the

bottom of the interconnect lines before they self-recrystallize,

yielding interconnects with higher reliability and conductivity.

This research was funded by the Semiconductor

Research Corporation Global Research Collaboration New

York Center for Advanced Interconnect Science and

Technology under Task 1292.083.

FIG. 3. Bright field TEM images showing the defect density in the overburden over 48 nm lines (a), inside a 1000 nm line (b), and inside 48 nm lines (c). There

are fewer defects in the 48 nm lines than in the overburden or in a 1000 nm line.
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