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ABSTRACT: The copper connectivity technique is essential for achieving electrical
interconnection in wafer level packaging (WLP), system in packaging (SiP), and 3D packaging.
The essential processing material for copper connectivity is a copper sulfate electroplating
solution in which organic additives play a crucial role in the regularity of copper
electrodeposition. In this study, electrochemical tests, X-ray diffraction, 3D profiling, and
scanning electron microscopy were used to investigate the leveling effect and mechanism of
polyquaternary ammonium urea-containing polymer (PUB2) in the process of copper T
electrodeposition on-chip copper connections. PUB2 has excellent polarization ability on the I-

target surface, remains unaffected by the sulfur additive SPS and poly(ethylene glycol), and

Electrochemical test predicts
leveling ability

Wafer plating

displays a strong ability to regulate the copper deposition rate of through-holes and surface optmizaton - gl
wiring. The waviness of the wafer surface wiring was reduced from 130 to approximately 70 nm - optimized ROL and through-hole filing
after optimizing the PUB2 concentration, and the surface roughness was reduced from 10 to

! : bty
approximately 7 nm. The coating was dispersed evenly, and the rate of through-hole filling was |/~ m I]mm N 3

improved by 57%. This study not only examined PUB2 leveling performance and mechanisms
but also devised a research method and system for electroplating additives to facilitate the
development and application of new electroplating additives.

1. INTRODUCTION green B (JGB) have been studied extensively and organic amine
leveling agents are novel leveling agents that have started
attracting significant attention.* "' Dow et al. considered that
the convection-dependent adsorption behavior of a plating
solution can be used as an indicator to determine whether the

Microchip technology has entered the post-Moore era, and chip
packaging technology has continually evolved. Transitioning
from two-dimensional packaging, such as the double-line inline
and square flat packaging of the last century, we have now

entered an era of ultrahigh-density three-dimensional packaging. pleit%ing solution is suitable for micropore filling'* and Chang et
Compared to two-dimensional packaging, three-dimensional al.”” studied the leveling effect of 2-mercaptopyridine. It was
packaging enables higher chip density, shorter transmission determined that 2-mercaptopyridine has a stronger inhibitory
distances, and lower chip power consumption."” Copper is used effect on Cu deposition than JGB. Considering the complexity
as an interconnecting material based on its low resistivity and and broad variety of chip processes, there are differences
strong electromigration resistance. In comparison to traditional between the plating solutions used for different plating
aluminum interconnects, the electromigration resistance of processes, plating machines, and semiconductor manufacturers.
copper interconnects is improved by 2 orders of magnitude, As a result, plating solutions are typically customized develop-
significantly enhancing the reliability of integrated circuits ment products. However, there are three main issues associated
(ICs).” Copper electroplating stands as a fundamental with the research on leveling agents both domestically and
technology for interconnecting devices, including ICs, IC internationally. First, current research mostly uses theoretical
packaging substrates, and printed circuit boards (Table 1). calculations, electrochemical methods, and electroplating

However, copper sulfate plating solutions often cause
problems such as uneven coating, defects, and faults during
microhole plating. Therefore, plating solutions often contain
various additives for auxiliary plating, including ClI~, accel-
erators, inhibitors, and leveling agents to improve the plating
performance of copper sulfate plating solutions and meet the
plating requirements of different scales and different conditions
to obtain an ideal copper plating layer.*~” Research at home and
abroad mainly focuses on organic additives, such as accelerators
and inhibitors. Additionally, dye leveling agents such as Jenner

experiments to investigate the mechanisms and effects of
electroplating additives. Unlike traditional electrodeposition,
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Table 1. Experimental Materials and Specifications Used

reagent name manufacturer

quality grade

CuSO,-SH,0 Hubei Sinophorus Electronic Materials Co., Ltd. electroplating grade
96% H,SO, Hubei Sinophorus Electronic Materials Co., Ltd. electronic grade
PEG-2000 Shanghai Aladdin Co., Ltd. AR

SPS Shanghai Aladdin Co., Ltd. AR

JGB Shanghai Aladdin Co., Ltd.

HCl Hubei Xingrui Silicon Materials Co., Ltd. AR

PUB2 AR

chip copper interconnection involves precise deposition in a
narrow space or surface at the micronano level. The morphology
and uniformity of the copper deposition layer have a direct
impact on the electrical performance of the copper inter-
connection line, thereby influencing the overall chip perform-
ance.'*" Its characteristics mainly include small electroplating
dimensions, difficulty in filling microholes with uneven current
density, and high coating quality requirements. However, there
is a distinct lack of comprehensive research on electroplating
with structured wafers, which renders most research results
unable to be applied in practice. Second, copper sulfate
electroplating leveling agents are primarily composed of dye
organic polymers such as JGB, which tend to generate significant
pollution. With the development of wafer-level, system-level,
and 3D packaging, the performance of electroplating additives is
facing increased scrutiny and evaluation. As a result, the industry
is urgently requiring the development of novel electroplating
leveling agents. Third, the majority of the existing research is
focused on developing independent research models for wafer
surface wiring and through-hole filling. However, in practical IC
manufacturing, through-hole filling and wiring are performed
concurrently, which causes a gap between study findings and
application.'™"® Therefore, it is crucial to develop an
application-based screening and evaluation strategy for electro-
plating additives.

To address these concerns, the effects of PUB2 on the
electrochemical behavior of copper electrodeposition in a
copper sulfate environment were investigated through cyclic
voltammetry (CV) and chronopotentiometry (CP) experiments
in this study. X-ray diffraction (XRD) analysis was utilized to
determine the crystal orientations of electrodeposited copper
layers and assess the leveling process facilitated by PUB2.
Additionally, Hull and Haring cell electroplating tests were
performed to validate the mechanisms and effects of PUB2
leveling.

2. EXPERIMENTAL SECTION

2.1. Primary Chemicals. JGB, PUB2, ultrapure water,
concentrated sulfuric acid, and copper sulfate pentahydrate were
used in our experiments. Cl7, JGB, and PUB2 leveling agents
were introduced with the aid of hydrochloric acid. Additionally,
55 g/L sulfuric acid, 50 mg/L CI7, and 220 g/L copper sulfate
pentahydrate comprised the virgin makeup solution (VMS)
(Table 1).

Throughout the entire experimental process, in order to
eliminate the uncertainty caused by experimental errors, each set
of experimental data was obtained through three repeated
experiments, and the average of the three sets of data was used as
the experimental value in this study.

2.2. Tests Involving Electrochemistry. A spinning disk
platinum electrode, phosphorus copper (Cu;P) electrode
serving as the working electrode, mercury sulfate electrode

serving as the reference electrode, and auxiliary electrode were
all used in our experiments. The diameter of the disc electrode is
S mm. Shanghai Chenhua Instrument Company’s CHI760E
electrochemical workstation was used to measure CV and CP
curves. The CV test had a scanning range of 0.8 to 0.8 V and a
scanning rate of 0.01 V/s. The electrodes were polished and
cleaned with ultrapure water prior to the experiments.

2.3. Hull Cell Plating Tests. Hull cell experiments were
conducted to examine the effect of various PUB2 additive
concentrations on the morphology of electroplated copper. A
copper plate served as the cathode, and phosphorus copper
served as the anode. The primary solution had a current density
of 1 ASD and contained the following ingredients: 220 g/L
CuSO,, 55 g/L H,SO,, additive inhibitor polyethylene glycol
(PEG)-2000 at 100 ppm, accelerator SPS at 4 ppm, and CI~ at
50 ppm. Electroplating tests were conducted with PUB2
additives at concentrations of 0, 10, 30, 50, 70, and 100 ppm.

2.4. Haring Cell Plating Tests. The leveling effects of the
PUB?2 additive on wafer surface wiring and through-hole filling
were verified through the use of a Haring cell. The anode
comprised phosphorus copper, while the cathode consisted of a
wafer with a through-hole structure. Preplating was conducted
for 1 min at a current density of 1 ASD, followed by 8 min of
electroplating at the same current density.

2.5. Wafer Filling and Wiring Tests. For this analysis,
phosphorus copper served as the anode and a wafer served as the
cathode. The plating mixture was 220 g/L CuSO,, S5 g/L
H,S0,, 100 ppm of PEG-2000 additive inhibitor, 4 ppm of SPS
accelerator, and 50 ppm of Cl. Wafer plating tests were
conducted with PUB2 additives at concentrations of 0, 10, 30,
50, 70, and 100 ppm. The wafer slice dimensions were 3 X 3 mm
with anode and cathode spacing values of 10 mm and a current
density of 1 ASD.

2.6. Analysis and Testing Procedure. The crystal
structure of the copper layer was studied by using an XRD
device (Shimadzu XRD) after Hull cell plating. Following the
completion of Haring cell wafer plating, the surface coatings of
wafers plated with varying concentrations of PUB2 were studied
microscopically, and the surface conditions, thickness, rough-
ness, and through-hole filling height were observed and assessed.
A metallographic microscope was used to examine the wafer
surface wiring and through-hole filling. Additionally, a 3D
profiler (SNEOFAR Sneox) was used to analyze the wafer local
wiring and through-hole filling effect and characterize coating
performance parameters such as wiring height, roughness,
waviness, and through-hole filling height. Scanning electron
microscopy (SEM, Zeiss SIGMA 500) was used to investigate
the microstructures of the coated surfaces and grain structures of
the coatings.
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Figure 1. Comparison of the CV curves of JGB and PUB2 additives.

3. RESULTS AND DISCUSSION

3.1.JGB and PUB2 Additive Electrochemical Behaviors
in Electroplated Copper. The CV curves for the JGB and
PUB?2 additives are presented in Figure 1. It is clear that the basic
copper sulfate solution’s oxidation peak area is lowered by
additives and that PUB2 addition reduces the solution’s redox
peak area to its minimum value. The amount of copper being
deposited is represented by the oxidation peak areas in the CV
curves."” Tt can be concluded that PUB2 has a better inhibitory
effect than JGB in terms of preventing the precipitation of Cu*".

The CV curves depicting different PUB2 concentrations in a
VMS-CI system are shown in Figures 4 and S. The area of the
stripping peak shows a notable reduction upon the addition of
PUB2. Upon increasing the PUB2 concentration to 30 ppm,
subsequent increments in the PUB2 concentration did not lead
to a significant reduction in the area of the stripping peak,
suggesting that the polarization of PUB2 does not markedly
increase with its concentration.

As shown in Figures 2 and 3, 0 to 100 ppm of PUB2*° was
injected into VMS-Cl systems rotating at speeds of 100 and 1000
rpm, respectively, to examine the through-hole filling capacity of
the PUB2 additive. Without PUB2, the results indicate that the
copper deposition rate on the wafer surface is higher than the
through-hole filling rate without additives and that the amount
of copper deposition at 1000 rpm (ie., integral area of the
stripping peak) is higher than that at 100 rpm.

The results are reversed when PUB2 is added, and the copper
deposition rate on the wafer surface is lower than the through-
hole filling rate, demonstrating that PUB2 has a stronger
inhibitory effect on the copper deposition rate on the wafer
surface than that in the through-holes. This inhibitory effect
increases as the PUB2 content increases, and the growth rate
gradually slows after the PUB2 content reaches 50 ppm. The
PUB2 concentration in the through-holes is significantly lower
than that on the surface of the coating as a result of PUB2’s
strong adsorption on the surface of Cu and slow diffusion into
the microchannels of through-holes.'”*' =

The CP curves measured at various rotation speeds are
presented in Figure 4. The potential is significantly reduced, and
strong polarization occurs when PUB2 is added at 300 s, CI™ is
added at 800 s, SPS is added at 1300 s, and PEG is added at 1800
s at both high and low speeds. Overall, rotational speed appears
to have minimal to negligible impact on system potential,
indicating that PUB2 acts solely on the electrodeposition
process.24 Following the addition of CI~, SPS, and PEG
successively, the curve potential stabilizes at approximately
—0.71 V. The cathode potential negative shift rate and
amplitude are essentially the same after adding PUB2 at high
and low speeds, further indicating that PUB2 primarily controls
the kinetics of the electrodeposition process.25 Furthermore, in
the presence of PUB2, the deposition potential at 100 rpm is
lower than that at 1000 rpm, indicating a reduced cathode
overpotential at the center of the through-holes compared to
that on the surface after times > 1800 s. This condition is more
favorable for achieving uniform through-hole electrodeposition.

The copper coating crystal orientation has a significant impact
on how well the coating resists corrosion. Low energy, strong
corrosion resistance, and high density are properties of the
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Figure 2. CC curves of different concentrations of PUB2 in a VMS system with a rotation speed of 100 rpm.
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Figure 4. CP curve diagram for different PUB2 solutions.

copper (111) crystal plane. As a result, the performance and
dependability of electroplated copper coating are optimal when
the most prominent crystal plane is the (111) crystal plane.**™**
The copper plating layer XRD patterns for the VMS + Cl + SPS
+PEG +JGB, VMS + Cl + SPS + PEG + PUB2, VMS + Cl + SPS
+PUB2, and VMS + Cl systems are presented in Figure 5. These
results indicate that following the addition of the PUB2 solution,
the peak of the Cu(111) crystal plane grows steadily stronger
than that observed for the JGB solution. The most prominent
crystal plane for the copper plating layer using the VMS + Cl +
SPS + PEG + PUB2 system is the crystal plane (111), which
suggests that PUB2 has a positive impact on crystal regulation.

3.2. PUB2 Additive Effects in a Hull Cell Electroplating
Test. In general, a metal surface’s reflecting capacity increases
with its flatness and smoothness. By examining the brightness of
a metal plating surface layer, we can infer the flatness of the
surface. As shown in Figure 6, regardless of the amount of PUB2
additive, the coating gradually becomes brighter as the distance
between the hull groove and phosphorus copper increases (polar
distance), which corresponds to an increasing current density.

© —— VSM+Cl+SPS + JGB +PEG
—— VSM +Cl + SPS + PUB2 +PEG
—— VSM +Cl + SPS + PUB2
— VSM+C(Cl l
>
-
o=
2]
=
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Figure 5. XRD analysis of electroplated copper coatings with different electroplating liquid systems.
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Figure 6. Electroplated hull cell test pieces at different PUB2 concentrations: (a) 0, (b) 10, (c) 30, (d) 50, (e) 70, and (f) 100 ppm.

Figure 7. Metallography of electroplated wafer slices at different PUB2
concentrations: (a) 0, (b) 10, (c) 30, (d) 50, (e) 70, and (f) 100 ppm.

Without PUB2 addition, the entire coating has a burnt
appearance with obvious faults that improve with increasing
pole spacing. The surface flatness and brightness of the coating
are significantly enhanced by the addition of PUB2 and these
properties improve with an increasing concentration up to a
certain point. The optimal effect is achieved when the PUB2
additive is diluted to between 30 and 50 ppm. The brightness
and flatness of the coating rapidly decrease as the PUB2 additive
concentration increases beyond this point. When the PUB2
additive concentration reaches 100 ppm, the coating develops
flaws at small electrode spacing values and loses brightness.
The main causes of rough coating, pinholes, and other defects
in the high-current-density areas of a hull cell are that the current
density is too high, the metal copper deposition rate is too fast,
which increases concentration polarization, and the cathode

hydrogen evolution is aggravated.””” As the current density
decreases, copper is deposited at a slower pace; concentration
polarization slows, and coating deposition becomes denser and
less flaky as the electrode gap gradually widens. The PUB2
additive is quickly adsorbed onto the surface of the copper layer
on the cathode after being added. This blocks the active point,
prevents copper ions from diffusing from the solution onto the
cathode surface, and lowers the rate at which copper ions are
deposited. The coating develops pinholes and unevenness when
the amount of PUB2 additive is too high, which further slows the
deposition rate of copper ions.

3.3. Effects of Different Concentrations of PUB2
Additives on Wafer Filling and Wiring. As illustrated in
Figure 7, the flaws and roughness of the wafer slice coating are
significantly reduced with the addition of PUB2; however, as the
PUB2 continuously increases, stripes begin to develop in the
wiring of the through-hole attachment, particularly when the
concentration reaches 100 ppm.

Figure 8 indicates that the PUB2 additive enhances the plating
impact on the wafer surface and significantly increases the
regularity of through-hole filling. When PUB2 is not applied, the
wiring edge has burrs, protrusions, and unevenness and the
through-holes and closed holes have uneven filling. Wiring
roughness and homogeneity significantly improve as the PUB2
additive concentration increases. The optimal effect is achieved
when the PUB2 additive concentration is between 30 and 50
ppm. When the PUB2 additive concentration increases further,
the coating becomes uneven and develops pinholes. Addition-
ally, the rate of through-hole filling slows considerably, leading
to unsatisfactory outcomes.

The height of the wiring and height differences between wires
of the same type were measured to analyze the uniformity of the
wafer surface wiring further. Figure 9a reveals that the wiring
height decreases from approximately 4250 to 3000 nm with the
inclusion of PUB2. However, the wiring height steadily increases
as the PUB2 concentration rises. The wiring height reaches the
original value of 4750 nm when the concentration of PUB2
reaches 50 ppm. Figure 11b reveals that the height difference
between the high and low planes of the same type of wire is
smaller without the addition of PUB2. The height difference
between the high and low planes is between 250 and 320 nm
when the PUB2 concentration is 30 ppm and is relatively stable.
The height difference between the high and low planes grows
and varies significantly as the PUB2 concentration increases

https://doi.org/10.1021/acsomega.3c09548
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Figure 9. Impact of various PUB2 concentrations on the uniformity and height disparity of the wire.
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Figure 10. Effects of different concentrations of PUB2 on the roughness and waviness of the redistribution layer surface.

above 50 ppm. The height difference is extreme and varies

widely when the concentration reaches 100 ppm.

The waviness of the wafer surface wiring decreases

significantly upon the addition of PUB2, and the fluctuation

amplitude decreases with higher PUB2 concentrations. This
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Figure 11. Influence of different concentrations of PUB2 on the filling
height of through-holes.

effect is notably pronounced when the concentration
approaches 100 ppm, as illustrated in Figure 10a. The wafer
surface wiring roughness curve is presented in Figure 12b. When
0 to 30 ppm of PUB2 is added, roughness is low and stability is
good. However, as the PUB2 concentration increases, the
roughness increases rapidly and fluctuates significantly. These
results indicate that the best wafer surface wiring uniformity is
achieved when the PUB2 concentration is between 10 and 30
ppm.

The filling height of a single hole grew from approximately
3800 to 6000 nm with the addition of PUB2, representing an
increase of 57%. One can observe that adding PUB2 effectively
reduces the electroplating electrodeposition speed on the
coating surface, which benefits through-hole electrodeposition
and enhances through-hole filling uniformity.

With the addition of PUB2, the flaws in wafer surface wiring
and its morphology rapidly decrease, and the surface brightness
and flatness are significantly enhanced, as indicated by the

electroplating tests, providing theoretical support for the use of
PUB?2 as a leveling agent. Building on this foundation, a research
method and screening and evaluation system for electroplating
additives were established, providing support for the develop-
ment and application of new electroplating additives. The main
findings of our study can be summarized as follows:

(1) The rate of copper electrodeposition can be controlled by
PUB2 through its adsorption onto the surface of
Cu(111), a process found to be independent of PUB2
mass transfer, as indicated by the results of electro-
chemical tests and XRD analysis. Conversely, PUB2
selectively influences the crystal shape of Cu electro-
deposition.

(2) The incorporation of PUB2 significantly enhances
through-hole filling and wafer wiring effects. This is
primarily due to PUB2 inhibiting the deposition rate of
Cu atoms, refining the grain size, and promoting a more
uniform grain distribution. The wafer surface waviness
decreases from approximately 130 to 70 nm, the surface
roughness decreases from approximately 10 to 7 nm, and
the through-hole filling rate increases by 57% when the
concentration of PUB2 ranges from 10 to 30 ppm.

ENTYS00MY  WO® 00mm

Moy 800K X

Figure 12. SEM images of redistribution layers with different PUB2 concentrations: (a) 0, (b) 10, (c) 30, (d) 50, (e) 70, and (f) 100 ppm.
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(b)

(c)

Figure 13. SEM images of coatings with different PUB2 concentrations: (a) 0, (b) 10, (c) 30, (d) 50, (e) 70, and (f) 100 ppm.
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