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A B S T R A C T

As demand for high-performance and efficient semiconductor chips surges, advanced packaging technologies, 
such as heterogeneous integration and vertical stacking, are becoming increasingly significant. Among these, the 
redistribution layer (RDL), essential for connecting chips or packaging elements, is being designed with finer 
line/space dimensions to meet the growing requirements for I/O access. However, as the width of copper lines 
decreases to several microns, various fabrication errors arise. Notably, variation in electroplated copper height 
becomes a significant issue, impacting the overall process. This study analyzes the height deposition differences 
in copper electroplating that occur at fine-pitch lines (width: 3–11 μm) and proposes a method to mitigate height 
deviations by adjusting the flow direction of the electrolyte. The results indicate that the deposition height 
difference between the 3 μm and 11 μm width patterns was reduced from 40% to less than 10%, demonstrating 
improved reliability in the RDL process by enhancing the uniformity of plating heights across both wide and 
narrow patterns.

1. Introduction

As artificial intelligence becomes increasingly important in global 
industries, advanced semiconductor packaging technology is gaining 
attention as a key enabler for high-performance computer chips [1]. 
Consequently, the on-package integration of multiple dies with varying 
functionalities and performance levels, achieved by partitioning the 
functions of existing chips, has been widely adopted in commercial 
products [2]. Heterogeneous integration, a crucial system functional 
integration technology, significantly influences the performance and 
reliability of semiconductor packaging through the implementation of 
various structures that account for thermal, electrical, and mechanical 
characteristics. Among these structures, vias (interconnections between 
levels) [3], interposers (e.g., through-silicon vias, through-glass vias) 
[4], and bumps (e.g., microbumps, C4 bumps) [5,6] are used to effi
ciently transmit signals and power between chips and substrates in the 
vertical direction. In particular, redistribution layers (RDLs), which 
reroute I/O access to different parts of the chip via horizontal connec
tions and enable the attachment of microbumps to the die, are essential 
for efficiently distributing signals and power among chips [7].

These interconnection structures must provide exceptional 

mechanical stability, excellent heat dissipation, and maintain high 
integration density within a small footprint while minimizing signal 
loss. As I/O density within chips increases, the complexity of RDL wiring 
for chip-to-chip connections has also escalated, leading to narrower 
linewidths and making heat and mechanical stress management more 
challenging. Furthermore, the need for effective defect management 
during the manufacturing process has become increasingly critical. 
Specifically, the ability to form high-performance copper (Cu) traces 
with fine linewidths uniformly and defect-free has emerged as a signif
icant challenge, especially as the substrate used in the process continues 
to grow in size [8]. Consequently, numerous studies have been con
ducted to implement fine-pitch RDL to enhance performance. Tran et al. 
fabricated an RDL with a width of 10 μm and a polyimide encapsulation 
layer, which withstood a current density of 1 × 106 A/cm2 [9]. Mean
while, Tseng et al. reported an RDL with a linewidth of 2 μm fabricated 
through electroplating, capable of carrying a high current density of 3 ×
106 A/cm2 [10]. However, further research is needed to predict, control, 
and reduce process defects for these methods to be applicable to 
large-area substrates in industrial settings.

To implement fine-pitch RDL technology, processes capable of 
forming micro-sized patterns are required. However, significant 
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technical challenges arise in creating fine-pitch patterns during lithog
raphy [11–13], etching [14,15], and electroplating [16,17]. Among 
these processes, Cu electroplating is crucial for constructing electrical 
circuits in RDL. When electroplated Cu features are formed at micron 
scales, various fabrication problems, such as delamination [18–20], 
defects [21–23], and variations in plating height [24–26] occur. Among 
them, variations in Cu plating height are critical issues that encompass a 
broader range of challenges faced during the plating process. For 
instance, when RDLs or other components are stacked with differing 
plating heights, fabrication reliability diminishes due to flatness issues, 
necessitating costly chemical mechanical polishing (CMP). Additionally, 
during the CMP process, the area of Cu in contact with the substrate is 
reduced, particularly when the width of the electroplated Cu is narrow, 
resulting in poor adhesion and an increased risk of delamination. 
Therefore, precise control over plating height during the electroplating 
process is essential to eliminate the need for CMP and enhance fabri
cation reliability.

In single-layer RDL, Cu lines of varying widths can be distributed 
based on circuit design and the pads connected to the bumps. This paper 
analyzes the deviation in deposition height relative to the width of the 
Cu lines in the fine-pitch region (3–11 μm). The electroplating method 
employed is the semi-additive process, which enhances the reliability of 
fine-pitch RDL. Additionally, ion transport within the pattern is 
analyzed using computational fluid dynamics (CFD) simulations under 
various electrolyte flow conditions. Based on the results, a method is 
proposed to reduce deviation through adjustments in current density 
and electrolyte flow.

2. Experimental method

2.1. Preparation for electroplating process

The electroplating bath, equipped with a power source and a mag
netic stirrer, was prepared as shown in Fig. 1(a). The anode was con
nected to a bulk Cu plate with an area of 5 cm × 5 cm, while the cathode 
was connected to the target to be electroplated. A Cu electroplating 
solution with a concentration of 50 g/L (MICROFAB Cu 520, Electro
plating Engineers of Japan Ltd.) was used. The power supply was 
operated under constant current conditions, and a magnetic stirrer was 
employed to regulate the flow of the solution. As illustrated in Fig. 1(b), 
the microstructure patterns were designed as line arrays, with each 
pattern measuring 0.5 mm in length, widths ranging from 3 to 11 μm, 
and distances between patterns varying from 1 to 9 μm. Each pattern 
was arranged sequentially with widths of 3, 4, 5, 6, 7, 8, 9, 10, and 11 
μm, maintaining equal spacing between patterns. Fig. 1(c) depicts the 
overall fabrication process used to prepare the sample for cathode 
target. First, Cu and titanium (Ti) seed layers, with thicknesses of 200 
nm and 50 nm, respectively, were deposited on a silicon substrate 
through sputtering. Next, positive-type photoresist (PR) was applied to a 
target thickness of 8.5 μm using a spin coater. A chrome photomask with 
line patterns of 3–11 μm width was then placed over the sample and 
exposed to UV light for 15 s. Finally, the areas to be electroplated with 
Cu were revealed through a development process. The developed sample 
was rinsed with deionized (DI) water, dried with nitrogen (N2) gas, and 
cut into the desired size to complete the preparation for electroplating.

2.2. Measurement

Scanning electron microscopy (SEM; Quattro ESEM, Thermo Fisher 
Scientific Inc.) was employed to observe the microstructure arrays of 

Fig. 1. Pretreatment setup for the electroplating process: (a) electroplating setup, (b) micro-patterns with varying linewidths and spacing, and (c) fabrication process 
of cathode target.
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plated Cu. The heights and surface topographies of the microstructures 
were quantitatively measured at a scan speed of 1 mm/min using a 
surface profilometer (Dektak XT, BRUKER) with a resolution of 1 Å.

3. Results and DISCUSSION

3.1. Experimental results for current density

To analyze the effect of current density on the microstructure 
morphology resulting from electroplating, the process was first con
ducted without stirring the solution. The plating process began by 
wetting the sample with DI water to enhance surface wettability, fol
lowed by immersion in the electroplating bath. Electroplating was then 
carried out at current densities of 1, 2, and 3 A/dm2 (ASD), with the 
desired height achieved by adjusting the plating time accordingly. The 
electroplating process lasted approximately 30 min at 1 ASD, 12 min at 2 
ASD, and about 8 min at 3 ASD.

As shown in Fig. 2, the height uniformities of microstructure arrays 
were analyzed with respect to different electroplating current densities. 
The experimental results indicated that height uniformity decreased as 
the current density increased during electroplating (Fig. 2(a)). To 
quantitatively compare the deposition heights under various process 
current densities, the relative thickness was defined as follows: 

Relative thickness =
Hi

H11
(1) 

where H11 represents the height of the deposited Cu microstructure with 
a width of 11 μm, while Hi represents the height of the Cu microstructure 
with a width of i μm. When comparing the deposition height in relation 
to process current density, the minimum relative thickness for the 9 μm- 
width pattern was 0.89 under the 1 ASD condition, decreasing to 0.61 
under the 3 ASD condition, leading to a larger deviation (Fig. 2(b)). 
Accordingly, as the linewidth narrowed, the relative thickness 
decreased, further increasing the overall deposition deviation. Further
more, the experimental results indicated that the height uniformity of 
Cu microstructures improved as the current density decreased. At higher 
current densities, local deposition rate of Cu2+ ion can be distinct by 
structure, resulting in a significantly poor uniformity [27].

To analyze the effect of the distance between microstructures, the 
relative thickness results at distances ranging from 2 μm to 9 μm were 
compared, as shown in Fig. 3. It was observed that when the current 
density was set from 1 to 3 ASD, the relative thickness showed a 
decreasing trend as the pattern width narrowed across the entire range 
of inter-pattern distances. Especially, under the 2 ASD condition shown 
in Fig. 3(b), the difference in relative thickness increased as the distance 
between patterns expanded. However, the effect of inter-pattern 

Fig. 2. Morphology analysis of Cu microstructures: (a) SEM images and (b) comparison of relative thicknesses at different current densities.

Fig. 3. Deposition relative thickness under process current densities of (a) 1 ASD, (b) 2 ASD, and (c) 3 ASD, with respect to various inter-pattern distances.
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distance on deposition height was insignificant compared to current 
density. Consequently, experimental analysis of Cu electroplating under 
various deposition conditions revealed that height uniformity de
teriorates with increasing current density. This poses a significant 
challenge in reducing process time by increasing the process current 
density.

3.2. Simulation of concentration distribution in pattern with electrolyte 
flow

To address the deposition thickness difference between narrow and 
wide patterns, a compensation method is necessary to increase the 
deposition rate at the bottom of the narrow pattern while maintaining 
that of the wide pattern. The deposition thickness of electroplated Cu 
can be expressed as follows based on Faraday’s law of electrolysis [28]: 

hdep =
|iloc|tMcu

zFρcu
(2) 

where hdep is deposition thickness, iloc is local current density on elec
trode surface, t is electroplating time, Mcu is molar mass of Cu, z is 
number of electrons, F is Faraday constant, and ρcu is density of Cu. 
Based on the above expression, the deposition rate increases in pro
portion to the local current density on the electrode surface, which can 
be expressed by the Nernst–Planck equation [29–31]: 

iloc = − zFDcu∇C|on electrode − zFUC − F2z2umC∇ϕ|on electrode (3) 

where Dcu is diffusion coefficient of Cu ions, U is velocity of electrolyte, 
um is mobility of the Cu ions, and ϕ is electric potential. Assuming that 
the electric potential gradient near the narrow and wide pattern elec
trodes is identical by supporting electrolyte [29], this expression high
lights two key points: first, that the current density varies based on the 
concentration distribution within the pattern; and second, that 
enhancing ion transport in the narrow pattern reduces the thickness 
difference, as the current density increases with the concentration and 
its gradient near the electrode. Therefore, analyzing the concentration 
distribution within the pattern is essential for achieving height unifor
mity in deposition thickness for both narrow and wide patterns.

To simulate ion transport in an electrolyte domain with various 
widths of patterns, a multi-physics CFD simulation was conducted by 
coupling the laminar flow module for the velocity field with the trans
port of diluted species module for the concentration field. In this 
simulation, ion transport by electro-migration was excluded, as the 
current density difference was negligible when the same voltage was 
applied to both the narrow and wide patterns. The laminar flow module 
utilized the steady-state Navier-Stokes equation under the assumption of 
incompressible flow [32]. 

ρ(U • ∇)U = ∇ •
[
− pI + μ

(
∇u + (∇u)T ) ] (4) 

where ρ is density of electrolyte, U is velocity vector, p is pressure, and μ 
is dynamic viscosity of electrolyte. For the transport of the diluted 
species module, the advection-diffusion equation assuming a steady and 
incompressible flow was used [33]. 

Fig. 4. Schematic of the simulation domain for ion transport in micro-patterns: (a) total domain, (b) direction I, and (c) direction II.

S. Park et al.                                                                                                                                                                                                                                     Journal of Materials Research and Technology 33 (2024) 8887–8894 

8890 



∇ • ( − Dcu∇C) + U • ∇C = 0 (5) 

To replicate real substrate and electrolyte conditions, the simulation 
domain consisted of three sets of areas with pattern widths varying from 

3 to 11 μm, spaced at a constant interval of 9 μm, as shown in Fig. 4(a). 
The flow of electrolyte above the patterns was simplified to a linear 
profile due to the no-slip boundary conditions and the bulk freestream 
velocity (Ubulk). Additionally, to examine the differences in ion transport 

Fig. 5. Simulation results in the direction I: (a) electrolyte flow streamlines, (b) velocity profile in the narrow pattern, (c) velocity profile in the wide pattern, (d) 
concentration distribution contour, (e) concentration distribution in the narrow pattern, and (f) concentration distribution in the wide pattern.

Fig. 6. Simulation results in the direction II: (a) electrolyte flow streamlines, (b) velocity profile in the narrow pattern, (c) velocity profile in the wide pattern, (d) 
concentration distribution contour, (e) concentration distribution in the narrow pattern, and (f) concentration distribution in the wide pattern.
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between wide and narrow patterns, simulations were conducted in two 
flow directions: flow from the narrow pattern side was considered the 
direction I (Fig. 4(b)), while flow from the wide pattern side was 
regarded as the direction II (Fig. 4(c)). Finally, the bulk concentration 
(Cbulk) was fixed at 787 mol/m3 and the diffusion coefficient of Cu ions 
was calculated using the Stokes-Einstein relation as follows [34]: 

Dcu =
κBT
6πμr (6) 

where κB is Boltzmann’s constant, T is the absolute temperature, and r is 
the radius of the Cu ion.

Fig. 5 presents the simulation results for the direction I. First, the 
results for the velocity field (Fig. 5(a)) indicate different flow behaviors 
within the wide and narrow patterns. In the narrow pattern, the flow 
passed without penetrating the pattern, whereas a large vortex was 
formed within the pattern, enabling the flow to approach the bottom in 
the wide pattern. When quantitatively comparing the velocity magni
tude profile at the center of the patterns, a weak vortex was visible at the 
top of the 3 μm width pattern (approximately 7 μm from the bottom) 
(inset graph in Fig. 5(b)), while the velocity magnitude was distributed 
throughout the entire 11 μm width pattern (Fig. 5(c)). The strength of 
the vortex inside the pattern tended to increase as the external free ve
locity rose, but the ratio of the velocity within the pattern to the bulk 
velocity remained invariant regardless of the freestream velocity 
magnitude (0.084% for the 3 μm pattern and 0.47% for the 11 μm 
pattern). Additionally, the velocity magnitude above the 11 μm pattern 
was observed to be more than the narrow side of the pattern due to flow 
resistance caused by the microstructure of the narrow pattern. These 
results confirm that transporting ions into the narrow pattern via con
vection is more challenging when electrolyte flow is present. This trend 
is clearly illustrated by the concentration distribution of Cu ions within 
the pattern (Fig. 5(d)). In the narrow pattern (Fig. 5(e)), the concen
tration gradient appeared linear, as indicated by the rightmost term on 
the right side of Eq. (3), since ion transport by diffusion was more 
dominant than that by convection. Furthermore, the concentration 
gradient remained relatively unchanged even as the strength of the 
freestream velocity increased. In contrast, within the wide pattern, the 
concentration increased linearly at low freestream velocities (at 0.1 m/ 
s), but the distribution was changed at high velocities (Fig. 5(f)). At high 
freestream velocity, concentration rose rapidly at the bottom of the 
pattern (y < − 6 μm) and stabilized in the middle region (− 6 μm < y <
− 1.5 μm) due to the internal vortex. This concentration distribution 
exhibited a steep gradient at the bottom and a high concentration within 
the pattern, enhancing the Cu deposition rate in the wide pattern ac
cording to Eqs. (2) and (3).

The simulation results for electrolyte flow in the direction II are 
shown in Fig. 6. The velocity field results for both the narrow and wide 
patterns were similar to those observed in the direction I, indicating that 

flow direction did not affect the velocity profile (Fig. 6(a)–(c)). How
ever, the concentration distribution differed from that in the direction I 
(Fig. 6(d)). In the narrow pattern (Fig. 6(e)), the concentration was 
generally higher (670 mol/m3 at 10 μm from cathode and 1 m/s of ve
locity) than in the direction I (649 mol/m3 at same condition of direction 
II). Additionally, in the wide pattern (Fig. 6(f)), the concentration 
gradient at the bottom (y < − 6 μm) and the concentration in the middle 
region (− 6 μm < y < − 1.5 μm) was also higher (435 mol/m3 at 10 μm 
from cathode and 1 m/s of velocity) than in the direction I (420 mol/m3 

at same condition of direction II). This phenomenon occurred because 
the concentration decreased as Cu ions were transported within the 
pattern while ions moved from the wider pattern to the next. These 
results suggest that the difference in ion concentration between the 
narrow and wide patterns can be compensated depending on the di
rection of electrolyte flow.

The difference in deposition rate due to concentration distribution 
within the pattern under various flow conditions can be predicted using 
Eq. (3). The current density at the electrode is primarily influenced by 
the diffusion term, which is the first term on the right side of Eq. (3), as 
electrolyte flow does not reach the area near the cathode. In other 
words, the current density near the cathode is directly affected by the 
concentration gradient in that region. The property that quantifies the 
concentration gradient near the cathode is the diffusion layer, defined as 
the distance required to reach bulk concentration when the concentra
tion is distributed in proportion to the gradient at the bottom (Fig. 7(a)) 
[35]. Accordingly, the deposition rate by diffusion can be compared to 
be almost the same when the thickness of the diffusion layer is similar. 
However, there are limitations to assessing the deposition rate based on 
the diffusion layer thickness only. In actual electrochemical deposition, 
the deposition rate does not increase infinitely as the diffusion layer 
thickness decreases because there is a limit to the reaction rate [36,37]. 
Therefore, the concentration gradient that affects the deposition rate 
converges by process parameters such as current density, bulk ion 
concentration, and other electrochemical properties. This convergence 
state can be estimated by calculating Nernst diffusion layer thickness. 
The Nernst diffusion layer can be mathematically calculated using Fick’s 
law as follows [36,37]: 

δ = −
zFDC
iapplied

(7) 

Where δ is the diffusion layer thickness and iapplied is applied current 
density. When the diffusion layer was formed below the Nernst diffusion 
layer thickness, the deposition rate no longer increases and converges at 
constant value by the applied current density. Under 3 ASD conditions, 
the Nernst diffusion layer thickness for this process was approximately 
10.12 μm. In contrast, when the diffusion layer thickness exceeds this 
threshold, a smaller diffusion layer thickness induces an increased 
deposition rate.

Fig. 7. (a) Definition of diffusion layer, (b) diffusion layer thickness according to linewidth for direction I, and (c) comparison of direction I and direction II.
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The diffusion layer thickness within the narrow and wide patterns is 
shown in Fig. 7 for electrolyte flow in the direction I (Fig. 7(b)) and the 
difference in diffusion layer thickness depending on flow direction 
(Fig. 7(c)). As the flow velocity increased, the diffusion layer thickness 
decreased, with increasing pattern width, as shown in Fig. 7(b). It is 
noteworthy that even within the same pattern width, the diffusion layer 
thickness can fall below the Nernst diffusion layer thickness as the flow 
rate increases. In the narrow pattern (3 μm), the diffusion layer thickness 
was shorter when the flow was in the direction II, as the concentration at 
the top of the pattern was higher than that in the direction I (Fig. 7(c)). 
Additionally, in this case, the diffusion layer thicknesses in all conditions 
were greater than Nernst diffusion layer thickness; thus, the deposition 
rate increased when the flow was in the direction II. Similarly, in the 
wide pattern (11 μm), the diffusion layer also became shorter in the 
direction II. However, when the electrolyte velocity exceeded 0.2 m/s, 
the diffusion layer thickness became below the Nernst diffusion layer 
thickness, so the deposition rate no longer increased regardless of the 
flow direction and velocity. As a result, difference in deposition height 
between the narrow and wide patterns varied depending on the depo
sition rate in narrow pattern, confirming that the difference in deposi
tion height can be reduced by plating under flow of direction II.

3.3. Experimental results with electrolyte flow

To verify and apply the CFD results, additional experimental studies 
were conducted using flow-assisted electroplating. With electrolyte flow 
by the magnetic stirrer, the electrolyte in the beaker generated a 
tangential flow around the rotation axis [38], and this tangential flow 
can correspond to the flow in the simulation model from the perspective 
of the cathode. The flow direction was defined by fixing tangential flow 
direction and altering the arrangement of the cathode pattern. Under 
conditions identical to the simulation, flow from the narrow pattern side 
was considered the direction I and flow from the wide pattern side was 
considered the direction II, as shown in Fig. 8(a). Fig. 8(b) shows the 
comparison of relative thicknesses of electroplated Cu microstructure 
arrays under different flow conditions. When there was no flow, the 
relative thickness significantly decreased as the line width narrowed. 
However, when flow was applied, the deviation decreased. This reduc
tion was attributed to the diffusion layer thickness becoming shorter in 
narrow pattern by flow. Furthermore, the relative thickness deviation 
was smaller under direction II than under direction I. Comparing this 
with the diffusion layer of the simulation results, it can be observed that 
the plating height remains constant when the flow velocity and line
width was sufficient to reduce the diffusion layer thickness below the 
Nernst diffusion layer thickness. However, if the flow velocity was 
slower or the width is narrow, the plating height formed lower. Addi
tionally, the topography of the deposited copper traces (Fig. 8(c)) 
confirmed that the deposition height increases more significantly in the 
narrow pattern than in the wide pattern according to flow direction, 

agreeing with the simulation analysis results which suggested that var
iations in deposition rate within the narrow pattern can reduce height 
differences between narrow and wide pattern.

4. Conclusions

In the copper electroplating process for implementing fine-pitch 
RDL, the impact of substrate pattern width on deposition rates was 
analyzed. In the absence of electrolyte flow, the deposition rate was 
varied with pattern width, with narrower patterns (3–6 μm) resulting in 
lower deposition heights compared to wider patterns (7–11 μm). 
Furthermore, this deviation in plating height between narrow and wide 
patterns became more pronounced as the applied current density in
creases. To address these fabrication errors, CFD simulations were 
conducted with varying flow directions of the electrolyte over the pat
terns. The results confirmed that while the velocity profile remained 
unaffected by the flow direction, the concentration distribution within 
the pattern varied depending on the flow condition, as the amount of 
ions penetrating the pattern was influenced by its width. Based on these 
findings, the difference in deposition height between the narrow and 
wide pattern can be alleviated by direction of electrolyte flow, 
improving uniformity. Consequently, in RDL designs with varying 
pattern widths, fabrication errors related to height deviation can be 
minimized by optimizing current density and electrolyte flow direction. 
This optimization is expected to enhance reliability by eliminating the 
CMP process and reducing fabrication errors in multi-layer RDL pro
cesses and packaging integration.
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