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The Impact of Organic Additives on Copper Trench Microstructure
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Organic additives are typically used in the pulse electrodeposition of copper (Cu) to prevent void formation during the filling of high
aspect ratio features. In this work, the role of bath chemistry as modified by organic additives was investigated for its effects on Cu
trench microstructure. Polyethylene glycol (PEG), bis(3-sulfopropyl) disulfide (SPS), and Janus green b (JGB) concentrations were
varied in the Cu electrodeposition bath. Results indicated a correlation between the JGB/SPS ratio and the surface roughness and
residual stresses in the Cu. Electron backscattering diffraction (EBSD) and transmission Kikuchi diffraction (TKD) were used to
study the cross-sectional microstructure in the trenches. Finer grain morphologies appeared in trenches filled with organic additives
as compared to additive-free structures. Cu trench (111) texture also decreased with increasing organic additive concentrations due to
more pronounced influence of sidewall seed layers on trench features. Twin density in the microstructure closely tracked calculated
stresses in the Cu trenches. A comprehensive microstructural analysis was conducted in this study, on an area of focus that has
garnered little attention from the literature, yet can have a major impact on microelectronic reliability.
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Since it replaced aluminum in the 1980’s, copper (Cu) has be-
come the primary material for microelectronic interconnects for its
low electrical resistance.! However, copper’s high coefficient of ther-
mal expansion (CTE) compared to the surrounding materials, such as
silicon, in these multi-material systems can result in many thermo-
mechanical stresses/defects.>™ Preferentially oriented Cu microstruc-
tures with large twin densities have been shown to improve reliability
of interconnects by increasing thermal stability, mechanical strength,
and electromigration resistance.”™ While desirable highly textured Cu
has been achieved in low aspect ratio features,'’"!2 only randomly ori-
ented microstructures have been found in high aspect ratio vias.>!>

Pulse electrodeposition (PED) is typically used to fill trenches and
other advanced features in microelectronics. Sub-conformal or con-
formal filling from the sidewalls of these features may trap air and pro-
duce voids, which degrade the signal integrity of the interconnects.>!
To achieve defect-free features, a technique known as bottom-up fill-
ing (super-filling) is utilized, in which modification of the bath’s
chemistry has been shown to reduce such defect formation.'*'® Three
main types of organic additives used in the electrodeposition bath are
accelerators, suppressors, and levelers. Accelerators, such as bis(3-
sulfopropyl) disulfide (SPS), perform as catalysts to the Cu deposi-
tion at the base of the features. Suppressors and levelers function as
inhibitors of the Cu deposition. Suppressors, such as, polyethylene
glycol (PEG), prevent growth on the sidewalls of the features, while
the levelers, for example, Janus green-b (JGB) prevent the formation
of overfill bumps. The specifics of the chemical mechanisms asso-
ciated with the favorable role of these additives in PED baths are
still relatively unknown.'® That said, the curvature-enhanced accel-
erator (CEAC) model proposed by Moffat et al. is widely accepted
as the model for bottom-up filling of features with organic additive-
containing baths.?’ This model suggests that the accelerator and sup-
pressor compete for sites on the copper surface and the accelerator
coverage is dictated by the surface’s curvature.?!

While organic additives have been studied extensively as a mech-
anism for reducing filling defects, their direct impact on the resulting,
post-deposition microstructure is still widely unknown. Finer grains
have been found in Cu deposited with organic additives.!"?> An in-
crease in cathodic over-potential results in lower activation energy for

*Electrochemical Society Member.
“E-mail: jmarro@g.clemson.edu

nucleation and smaller Cu grains. Several studies have observed this
when inhibitors are used in the deposition.”>** Furthermore, Neuner
et al. and Manu et al. found evidence that organic additives may
slightly affect the crystallographic orientation of Cu.!'? However,
these studies are limited to the surface microstructure of the Cu and
have not directly examined the role of additives on sub-surface mi-
crostructure.

This paper summaries the findings from a comprehensive and
systematic study that examined the effects of organic additives on
the extrinsic properties (surface roughness, residual stress, grain size,
orientation, and twins) of Cu deposited into low-aspect trenches.?
Here, we aim to further elucidate, and confirm, the role of the additives
in copper electroplating into patterned structures. Furthermore, we
assess the role of organic additives in the creation of defects in the Cu
microstructural evolution, such as pinning grain boundary movement,
and interfering with the atomic arrangements during the deposition,
resulting in changes in crystallographic orientation.

Experimental

Pulsed electrodeposition of Cu films.—Patterned substrates (20
mm x 20 mm) with low aspect ratio trenches, ranging from 0.005 to
2.78, were used in the work reported in this paper (SKW-6,9 SKW As-
sociates Inc. Santa Clara, CA, USA). Figure 1 shows a cross-sectional
illustration and SEM image of the multi-material substrates used in this
study. All trenches had a depth of 500 nm with varying widths (180 nm
to 100,000 nm). Copper was electrodeposited onto the seeded copper
substrates using a two electrode pulse electrodeposition (PED) setup
with 2 99.9999% pure Cu anode. A 50 Hz square waveform with a duty
cycle of 0.1 was chosen based on findings from a previous study,?’ as
these conditions produced a Cu film with high twin densities, large
grain sizes, low biaxial residual stresses, and highly preferential (111)
orientation. These microstructural characteristics are desirable, and
believed to be essential in reducing thermo-mechanical stresses in

dCertain commercial equipment, instruments, or materials are identified in this report
in order to specify the experimental procedure adequately. Such identification is not
intended to imply recommendation or endorsement by the National Institute of Standards
and Technology, nor is it intended to imply that the materials or equipment identified are
necessarily the best available for the purpose.
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Figure 1. The cross-sectional illustration (left) and scanning electron micrograph (right) of the SKW-6 test wafer dies used for deposition.

multi-material systems such as microelectronic interconnects without
degrading electrical properties of the material.%"%-?%2°

The baseline inorganic constituents in the electrodeposition
bath were maintained at 200 g/L of copper sulfate pentahydrate
(CuS04.5H,0), 50 g/L of ACS grade sulfuric acid (H,SOy), and 50
mg/L of ACS grade hydrochloric acid (HCl). Organic additives were
introduced into the bath at varying concentrations as summarized in
Table I. Films resulting from additive-containing depositions were
compared with Cu deposited from baths without organic additives.

Prior to deposition, the baths were degassed for 30 minutes nitro-
gen from (99.9999% N, Air Liquide). Depositions were performed
under a N, blanket, at room temperature and with a 200 rpm bath stir
rate. The as-deposited samples were stabilized by annealing at 150°C
for 1 hour in a forming gas atmosphere (4% H,/96% N,).3%-3!

Roughness and residual stress measurements.—Following elec-
trodeposition of the Cu onto the patterned substrates and anneal-
ing, the surface roughness (RMS) and stresses were evaluated with a
non-contact white light interferometer (Zygo NewView 8100). RMS
roughnesses were recorded on non-patterned areas of the samples
(~0.4 x 0.4 mm), while stress approximations were made using the
wafer curvature technique. The radius of curvature was measured for
each sample before and after Cu deposition and implemented into a
modified Stoney equation® to approximate the biaxial residual stress
from sample to sample for these complex patterned Cu samples. The
equation is shown below:

o1y,

where o is the biaxial residual stress in the copper, Ry and R are the
radius of curvatures of the sample before and after deposition, respec-
tively, and 7 is the thickness of the deposited Cu. Due to the geometry
of the substrate, only relative stress measurements could be obtained
from Equation 1 by eliminating the substrate contributions from the

Table I. The combination of organic additive concentrations used
to deposit the copper trenches for the PED deposition conditions

shown.
Organic Additives (mg/L)

PED Condition # PEG SPS JGB JGB/SPS Ratio
1 0 0 0 N/A
2 200 5 0 0
3 200 50 10 0.2
4 200 20 10 0.5
5 200 5 5 1
6 200 5 10 2
7 200 5 50 10
8 200 5 100 20
9 100 5 10 2
10 500 5 10 2
11 500 5 100 20
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Stoney equation. Equation 1 assumes the pre-deposited samples are
stress-free and the Cu thickness is uniform across the sample.

Microstructural evaluation: EBSD and XRD.—Samples were
prepared for cross-sectional microstructure analysis using focused ion
beam milling (FIB) at North Carolina State University’s Analytical
Instrumentation Facility (AIF) in Raleigh, NC, USA. A FEI Quanta 3D
FEG dual beam SEM/FIB was used to mill a cross-section of the 500
nm wide trenches and liftout a <100 nm thick cross-section of the 250
nm wide trenches for electron backscattering diffraction (EBSD) and
transmission Kikuchi diffraction (TKD) analysis, respectively. Unlike
traditional EBSD, TKD utilizes the transmission of electrons through
a thinned sample to map its grain structure. TKD was necessary on
the smaller trenches due to its higher spatial resolution (~10 nm
compared to ~100 nm for traditional EBSD*). The Cu trench cross-
sections were mapped to measure grain size, orientations, and degree
of twinning. Efforts were made to minimize the impact of sample
charging during sample mapping.

X-Ray Diffraction was conducted on the samples using a Panalyt-
ical X’Pert® MRD system with a Cu alpha source (A = 1.54056 A
wavelength) at the University of Central Florida’s Material Charac-
terization Facility (MCF) in Orlando, FL, USA. The instrument was
used to confirm the orientation variations on a macroscopic scale.
The degree of preferential orientation in the Cu was quantified by
calculating the texture coefficient (TC):

. T /Ty
(1/n)>" Ihkl/ngl
where Iy is the intensity of crystallographic peak of interest, I, is

the corresponding intensity of a randomly oriented Cu specimen, and
n is the total number of Cu peaks in the diffraction pattern.

(2]

Results and Discussion

Roughness and residual stress of the Cu.—Variations in surface
RMS roughness and relative biaxial stress due to the organic addi-
tive bath concentrations are shown in Figures 2a and 2b respectively.
Shown for comparison are additive-free samples (0 mg/L) deposited
under identical preparation conditions. PEG concentration in the elec-
trodeposition bath appeared to have little effect on both material char-
acteristics. Although it is generally thought from the literature that the
accelerator (SPS) and suppressor (PEG) competition drives changes in
advanced geometry filling profiles,?! in this study, the leveler (JGB)
and accelerator (SPS) appear to have the major impacts on the Cu
properties. Increasing the leveler to accelerator (i.e., JGB/SPS) ratio
in the bath resulted in both a decrease in surface roughness and biaxial
stress, as evident from Figures 2a and 2b.

Trenches were cross-sectioned to evaluate resulting trench mi-
crostructure by assessing the grain size, defect content, and how it
related to the bath chemistry used. It was found from Figure 2c that
an increase in the JGB/SPS ratio correlated with an increase in void
content within the Cu trenches. Figure 3 shows the large volume frac-
tion of voids observed. The voids located in the center of the trenches
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Figure 2. The surface RMS roughness (a), relative biaxial stress (b), and void area (c) with variations in JGB/SPS ratio and PEG concentration. The relationship
between relative stress and void area is also shown (d). Figures (c) and (d) contain data for depositions using PEG concentrations of 200 mg/L and different SPS
and JGB values. Each integer for the relative stress represents a change of approximately 10 to 15 MPa.

are believed to form as the rough sidewall surfaces of the Cu collided
during the deposition. Bottom-up filling of the trenches was stunted
by higher leveler (JGB) and lower accelerator (SPS) concentrations
as seen in the 2.78 aspect ratio trenches. Furthermore, it can be seen
that trenches deposited with a JGB/SPS ratio above 2 contained elon-
gated voids at the grain boundaries. These voids are suspected to have
formed as part of the material’s ‘coping mechanism’ to reduce stresses
during the deposition. Specifically, voids form to alleviate stress con-
centrations from developing at triple junctions and grain boundaries.
This mechanism can be inferred from the proportional correlation
between void area and stress shown in Figure 2d. The initial rise in
biaxial stress, shown in Figures 2b and 2d, is not fully understood.
However, it is hypothesized that there is a competition between the
increased lattice strain caused by the impurities®* and the stress relief
from void formation.*> Once a critical void area is observed in the Cu
(~2000 nm? per trench in this study), there is a major reduction in
stress.

Trench grain morphology.—Since the JGB/SPS concentration ra-
tio during deposition appeared to have a significant impact on the
material stress and void properties observed in the Cu trenches, mi-

crostructural analysis was performed only on four PED conditions
(#1,4,6, and 8 from Table I) as these samples were expected to give
further insight into the physical property changes observed in Rough-
ness and residual stress of the Cu section. The microstructures of the
250 nm and 500 nm wide trenches deposited without organic addi-
tives (0/0/0) and with three selected JGB/SPS ratios (0.5, 2, 20) were
observed using EBSD and TKD to assess the grain morphology in the
trenches. The average grain sizes and percent area of the large grains
(>200 nm) occupied within the trench is shown in Table II for each
deposition condition.

It was observed that due to the large grain size distribution in
the trench cross-sections, average grain sizes within the trenches had
large standard deviations, making it difficult to conclusively observe
trends with variation in additive ratios. However, the percent grain
area occupied by large grains (>200 nm) in the 250 nm and 500 nm
wide trenches were much higher (65% and 77%, respectively) for
the Cu deposited without organic additives than for depositions that
included organics in the bath (typically <50%). Smaller Cu grain sizes
have been found in previous studies''?> from the use of these organic
additives, as they can disrupt atomic arrangement during deposition
or create defects in the structure, that may impede grain growth by
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Figure 3. The cross-sectional SEM micrographs show the amount of voids that formed in the 2.78 aspect ratio trenches deposited without organic additives (a)
and with 200 mg/L of PEG and JGB/SPS ratios of 0 (b), 0.2 (¢), 0.5 (d), 1 (e), 2 (f), 10 (g), and 20 (h).

pinning grain boundaries during recrystallization. While these smaller
grains would influence the microscopic scale stresses in the Cu, the
void-induced stress relaxation observed in Roughness and residual
stress of the Cu section is on the global scale. Moreover, it appeared
that the larger trenches were less geometrically constrained by the
sidewalls. This allowed the grains to grow much larger as evident
when comparing the >200 nm grain area% between the 500 nm and
250 nm trenches for all organic additive concentrations in Table II.

Texture in the trenches.—Orientations of the Cu microstructure
were observed with EBSD and TKD inverse pole figure (IPF) maps,
which assign a color to each grain’s crystallographic orientation. The
IPF maps for the 250 nm and 500 nm wide trenches are shown in Figure
4.Both trench sizes have similar microstructural orientations. The base
of the trenches contains large (111) oriented Cu grains normal to the
sample surface, while smaller, more randomly oriented, grains were
found at the top of the trench cross-sections. These highly oriented
grains were epitaxial to the Cu seed layer orientations, as evident
from rocking curve measurements conducted on the pre-deposited
samples. A XRD rocking curve was performed on the seed layer by
rotating the sample along the chi angle (rotation about the axis of the
incident beam) at the 26 of the (111) peak. Figure 5 shows the rocking
curve and its apparent peak intensity around 0° chi, which indicates
a large volume of (111) oriented grains normal to the Cu seed layer
surface. The (111) peak at ~43.2668° was, also, the only Cu peak
found in the XRD 26 scan of the seed layer, giving further evidence
of a preferentially oriented seed layer.

A closer inspection of the inverse pole figure (IPF) maps revealed
the grains at the top of the trenches may be textured. Figure 6 shows
the IPF maps in the normal, transverse, and longitudinal directions

of the 250 nm trenches deposited with and without organic additives.
Grains grown from the sidewalls of the trenches appeared to be (111)
textured in the transverse direction as opposed to the normal direction.
This is especially apparent in the Cu deposited with organic additives
and further exemplifies the (111) Cu seed layer orientation normal to
its surface.

The introduction of organic additives into the electrodeposition
bath resulted in base grain impingement and a higher likelihood that
the grains would mimic the sidewall seed layer orientations. The
reduction in overall texture within the trenches is evident from the
lower (111) multiples of uniform density (MUD) shown in Table III.
The MUD is a quantitative analysis of a microstructure’s texture. A
MUD higher than unity represents a textured microstructure, with
increasing values indicating larger degrees of preferential orientation.
The MUD data indicates highly preferential Cu (111) orientation in
the normal direction for all bath chemistries used for deposition. The
MUD of the 500 nm wide trenches were typically much larger than
their 250 nm counterparts. From the IPF maps in Figure 4, this appears
to be the result of larger base (111) grains in the trenches. Since the
500 nm trenches are not as constrained by the sidewalls, the base
grains are allowed to grow further and occupy more area within the
trenches.

Texture coefficient measurements, shown in Figure 7, confirmed
the highest degree of preferential (111) oriented microstructures oc-
curred without the use of organic additives; however, it also showed a
different trend with the concentration of the organic additives. Similar
to the roughness and stress measurements, the (111) texture coeffi-
cient decreased with increasing JGB/SPS ratio. Even at the highest
JGB/SPS ratio (20) used in the bath, the (111) texture coefficient still
appeared high, never falling below 3.95 out of 4.00 across the range

Table II. The Cu grain size comparisons between the two trench sizes and additive chemistries used for deposition.

250 nm Trenches

500 nm Trenches

PEG/SPS/IGB JGB/SPS Average Grain >200 nm Grain Average Grain >200 nm Grain
(mg/L) Ratio Diameter (nm) Area% Diameter (nm) Area%
0/0/0 N/A 123 £92 65% 197 £ 125 77%
200/20/10 0.5 110 £ 55 27% 121 £ 65 35%
200/5/10 2 111 £45 23% 112 £ 81 61%
200/5/100 20 121 £ 61 38% 155 £ 66 50%
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the Cu orientation in this study is the organic additive’s ability to
disrupt atomic stacking of Cu during deposition.
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Strain and twin density.—Strain component maps were also ob-

04 tained from the EBSD and TKD and are shown in Figure 8. Strain

was estimated by comparing the local misorientation within a grain to

T " T j T j T j T ' the average misorientation across the entire grain. Areas of high strain
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concentrations are shown in red and appeared to be localized inside

Chi (°) the trenches of the 0/0/0 deposited Cu. This is apparent in the 250 nm

trenches due to their higher geometric constraint (larger aspect ratio)

Figure 5. The XRD rocking curve of the trench seed layer. than the 500 nm wide trenches. Earlier results, vide supra, showed
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200/5/100

Figure 6. The cross-sectional inverse pole figure maps in the normal, transverse, and longitudinal directions for the 250 nm wide trenches deposited with and

without organic additives.

that the increased void area in the trenches minimized the stresses
found in the Cu. These voids explain the lower strains observed in
the 200/20/10 trenches in Figure 8. Instead, high strain concentrations
were found in areas of small grain clusters, where there are large
volumes of grain boundaries. Higher strains in these areas could be
a result of dislocation pile up at the high angle boundaries®® or from
the elastic anisotropy of Cu. Since grain orientations have different
elastic constants,* strains can build up at locations where grains meet
(triple junctions, grain boundaries, etc.).

Twin density was measured by counting the number of twins per
unit area in the Cu trenches. The twin densities for the 250 nm and 500
nm wide trenches are listed in Table [V. As expected, the twin densities
generally followed the same trends as the stress/strain measurements.
The large strain concentrations in the 250 nm trenches created more
twins than the 500 nm trenches. The 250 nm trenches filled without
organic additives had more twins than those filled with organics due
to the expected lower void area and higher stresses. However, the 500

Table III. The multiples of uniform density of the cross-sectional
250 nm and 500 nm wide trench microstructures of the Cu
deposited with different organic additive concentrations.

Multiple of Uniform Density (MUD)

PEG/SPS/IGB (mg/L) 250 nm Trenches 500 nm Trenches

0/0/0 25+5 30+1
200/20/10 10+2 2343
200/5/10 15£3 14+2
200/5 /100 6 = N/A 20£2

nm trenches had larger twin densities when organics were utilized in
the bath chemistry. This could be a result of less void content, since the
trenches have a lower aspect ratio and should have been less prone to
filling voids. Furthermore, the organic molecules may have disrupted
the lattice formation during deposition and resulted in more twins.

PEG
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Figure 7. The change in (111) texture coefficient of Cu with JGB/SPS ratio
in the electrodeposition bath.
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Figure 8. The strain components maps for the 250 nm and 500 nm wide trench cross-sections deposited with and without organic additives in the bath. All
observed stresses were tensile in nature, with areas larger strain indicated by red and smaller strains shown in blue.

Table IV. The twin density of the Cu microstructure with trench
size and organic additive concentrations used during deposition.

Twins/pwm?
PEG/SPS/IGB (mg/L) 250 nm Trenches 500 nm Trenches
0/0/0 40 11
200/20/10 33 32
200/5/10 35 23
200/5/100 21 17

Conclusions

The cross-sectional microstructures of two different aspect ratio
trenches were evaluated with variation in the organic additive concen-
trations used in the electrodeposition bath. The leveler to accelerator
(JGB/SPS) ratio appeared to significantly influence the properties of
the Cu, while the PEG concentration had minimal impact. The resid-
ual biaxial stresses, measured by wafer curvature, decreased with
increasing JGB/SPS ratio due to the larger void presence within the
trenches. Grain sizes decreased with the introduction of the organic
additives in the bath from impingement and resulted in smaller sur-
face RMS roughness of the Cu. The adsorption of chemical additives
into the Cu appears to have a more significant impact on the cross-
sectional microstructure in this study than found, previously, on Cu
surface microstructures. The texture within the trenches was found to
be (111) preferentially oriented; however, the degree of preferential
orientation decreased when organics were used by allowing the side-

wall seed layer orientation to dictate more of the Cu orientations in
the trenches.

Since the texture of the electroplated Cu was epitaxial to the seed
layer orientation, it is reasonable to suggest that the Cu seed layer
only be deposited onto the base of the trenches. However, more work
is needed to conclusively state whether deposition purely onto a base
seed layer would result in larger overall grain sizes and more highly
textured trenches. Lastly, more geometrically constrained trenches
were found to produce higher twin densities. These twin densities
were lower in trenches that were filled with organic additives, since
voids acted as the stress relieving mechanism in these trenches.
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