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Diffusion Boundary Layer Studies in an Industrial
Wafer Plating Cell
B. Q. Wu,* ,z Z. Liu, * A. Keigler, and J. Harrell

Nexx Systems, Billerica, Massachusetts 01821-3904, USA

Linear sweep voltammetry and chronoamperometry methods were used to measure limiting current in an industrial wafer-plating
cell. Copper deposition in a dilute solution, under mass-transfer-limited conditions, is used to study the variation of the mass
transfer boundary-layer thickness. It is shown that a shear-plate fluid agitation mechanism is capable of generating a thin~i.e.,
,10 mm!, spatially uniform and nonperiodic boundary layer across the entire wafer. It is anticipated that thin boundary layer
deposition will prove to be beneficial in MEMS, flip-chip bumping, and WL-CSP applications.
© 2005 The Electrochemical Society.@DOI: 10.1149/1.1874674# All rights reserved.
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A thin, uniform, and stationary diffusion boundary layer is
portant in obtaining high-quality electrodeposits. Limiting curr
depends on thickness of the diffusion boundary layer for a g
reactant concentration. Plating current is then usually set below
half of limiting current to obtain plated deposits acceptable for
appearance and uniformity. In cases where operating current is
greater than one-half of limiting current, the effects of mass tra
typically impact the morphology of the deposit, and rough grow
often observed. Moreover, control of limiting current density
diffusion boundary layer thickness becomes even more impo
when the subject is the plating of metal alloys. In alloy deposi
cell potential is set such that one metal is deposited at its diffu
limiting current. Thus, uniformity of the diffusion boundary lay
significantly influences composition of the final plated alloy, an
material properties.

The reciprocating paddle cell is a known practical method
depositing alloy films on wafer substrates. It has been shown th
diffusion boundary layer’s thickness profile, in a paddle-arm
may be periodic in nature due to the wake trailing the paddle.1 It has
also been shown that paddle distance from the cathode has a
impact on deposition uniformity than does paddle speed.2

The primary electrochemical technique for measurement o
mass transfer boundary-layer thickness is determination of lim
current. At limiting current, concentration of reacting species is
tually zero over the entire electrode surface. Limiting current m
surements are usually carried out in a traditional three-electrode
using a potentiostat. Techniques for determining limiting curren
mass-transfer coefficient correlation, for a variety of different e
trode geometries and fluid flow conditions in laboratory experim
tal cells, were reviewed by Selman and Tobias.3 However, only lim-
ited methods have been available to characterize the mass tr
boundary layer in industrial wafer plating cells, due to their com
cated cell geometries and limited accesses for probes. It is dif
to install a standard reference electrode in an industrial wafer p
cell. Moreover, a potentiostat is not usually available in a typ
wafer fabrication facility. These problems are barriers to transfe
experimental results obtained from bench- or beaker-scale test
wafer-scale industrial plating tools.

In this study, linear sweep voltammetry and chronoamperom
methods were used to measure limiting current in a dilute soluti
a fully operational industrial wafer plating cell. Copper depositio
a dilute solution, under mass-transfer-limited conditions, was
to study the spatial and temporal variation of the mass transfe
fusion layer thickness on wafers. Deposition of Cu in a dilute s
tion under mass-transfer-limited conditions was originally prese
by Schwartz1 and Powers4 to study cathodic mass transfer in
electrochemical cell. The principal advantage of this techniqu
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that it requires neither a potentiosat nor a regular reference
trode; thus it is practical to apply this method to many indus
plating and etching processes.

Experimental

Experiments were performed on a NEXX Systems’ Stratus
ing cell, equipped with a shear plate fluid agitator, designed to
mote mass transfer for MEMS, flip-chip bumping, and WL-C
applications. Motion of the plate is parallel to the cathode,
distance of less than 2 mm from the wafer surface. The shear
has an array of slots through it such that the edges of the slots
fluid mixing as the shear plate are reciprocated parallel to the
ode. Shear flow is generated on the surface of the cathode, re
boundary layer thickness. Because the copper damascene pro
dominated by diffusion of copper ions in a submicron trench or
the shear flow may not have a big impact on the filling proc

Figure 1. ~top! Schematic cross section of shear plate in plating
~bottom! wafer sample.
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However, the shear flow may be beneficial for uniformly distribu
additives crossing the entire wafer and reducing overplate. A
matic cross-section of the cell used in our experiments is show
Fig. 1. Uniform and accurate reciprocating motion of the shear
is driven by a computer-controlled linear motor. The stroke leng
the shear plate is 2-4 cm. The test of the reciprocating paddle
performed in the same process cell, where a paddle arm replac
shear plate.

Electrolyte was continuously recirculated through the cell fro
surrounding reservoir, throughout the experiment. Bath turnove
was 0.8 min, at a flow rate of 7.3 GPM~27.6 L/min!.

The chemistry for measuring the limiting current is listed
Table I. Note that a dilute solution for measuring cathode limi
current creates a situation at the cathode wherein mass transfe
trol occurs at a low current, below 50 mA, thereby reducing pos
variation in electrical potential at the anode.

The anode was a solid copper disk with an exposed are
300 cm2. An important aspect of our experimental method is tha
anode functions as both the reference and counter electrodes.
end, overpotential at the anode must be adjusted to the lowes
sible value by selecting proper experimental conditions.

Overpotential,hs, of the anode can be approximated by a lin
expression from the Butler-Volmer equation at low current den

hs =
i

io

RT

s]a + ]cd2F
f1g

The sum of transfer coefficients,]a + ]c, has a theoretical valu
of 2. The exchange current density,io, can be expressed as5

io = SCCu2+

CCu2+
` Dg

iosC
Cu2+
` d f2g

Assumingg = 0.6, and takingio equal to 1mA/cm2 for a cupric
ion concentration of 0.1 molar,6 then io for the test solution i
,0.2 mA/cm2. Therefore, a 40 mA current would generate ove
tential of 4.3 mV at the anode, small enough to ensure the anod
act as a reference electrode for limiting current measuremen

Table I. Composition of test solution.

CuSO4 · 5H2O H2SO4 HCl

2.4 g/L 90 g/L 1.2 ppm

Figure 2. Typical currentvs. cell voltage curves obtained from sheet wa
experiments, showing the Cu2+ mass-transfer-limited regime. Different lim
iting currents correspond to different shear plate agitation frequencies
-
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small exposed surface area of the cathode was used to prod
small limiting current; this in turn generates a small current de
and low overpotential on the anode.

Two substrate types, uniform flat copper seed layer wafers
photoresist patterned wafers, were selected for limiting current
ing. The seed layer cathodes were 200 mm silicon wafers w
1000 A sputtered copper seed layer. The wafers were mask
expose a narrow band across the wafer diameter, 5 cm2 in total area
The patterned wafer also was a 200 mm wafer masked to exp
band across its diameter; the band width was adjusted to a
exposed area of 5 cm2. The exposed band was perpendicular to
direction of shear plate oscillation.

Both morphology and uniformity tests were carried out on
terned wafers. Patterned wafers had a plateable area of 57.32

They were patterned with bump arrays of,50 mm thick photoresis
on 1000 A Cu-seed layer. Each die was structured with a patte
39 3 39 bumps of,130 mm diam, arrayed on,250 mm pitch.
Streets 500µm wide absent of bump openings separated indivi
die. Wafers were uniformly populated out to an edge exclusion
,3mm. Thickness of bumps was measured on a Tencor P12
mated scanning profilometer. On-wafer uniformity~one sigma!, was
measured and evaluated across a row of bumps within a wafe

An HP 6632A plating power supply was used to measure ca
limiting current. The dynamic polarization curve was obtained u
a linear voltage sweep method. Cell voltage was scanned from
1.0 V at a scan rate of 10 mV/s~see Fig. 2!. A wide and flat limiting
current plateau, corresponding to the mass-transfer-limited re

Figure 3. Typical response current curves obtained in sheet wafer e
ments at a constant cell voltage~0.65 V!. Various shear plate agitation fr
quencies in the mass-transfer-limited regime are shown.

Figure 4. Effect of shear plate speed on measured thickness of the
transfer boundary layer.
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was observed on polarization curves. Although surface area o
substrate was smooth prior to testing, we expected surface a
the cathode to increase with the development of surface roug
during scan. To precisely measure the limiting current, a con
cell voltage within the mass-transfer-limited region, was app
Response of cell current was then recorded~see Fig. 3!. The mini-
mum data interval was 0.25 s that is limited by the power su
system. Within 2 s, limiting current was reached and thereafte
mained fairly constant. Each test was carried out on a fresh su
The limiting current was determined by time-averaging. A stan
deviation for the limiting current was also calculated.

With a known concentration of Cu2+ ions in the solution an
limiting current, we obtain the Nernst diffusion layer thicknessd

d = nF
DCu2+Cb

i l
f3g

wheren is charge number,F is Faraday constant,D is diffusivity of
Cu2+, Cb is bulk concentration of copper ion, andd is thickness o
the boundary layer. Effect of migration on the limiting current w
presumed negligible due to high concentration of sup
electrolyte.7 The diffusivity of Cu2+ was taken to be 5.3
3 10−6 cm2/s.8

At mass-transfer limiting condition, the mass-transfer coeffic
can be expressed as

k =
i l

nFCb
f4g

Therefore, the diffusion layer thickness in Eq. 3 may be
pressed in terms of the mass-transfer coefficient and the diffu
of cupric ions

d =
DCu2+

k
f5g

With a known limiting current, thek could be determined. Th
mass-transfer coefficient is related to the fluid dynamics in the
from dimensional analysis by a characteristic velocity and ch
teristic mixing length. Based on the results1,2 of mass transfer stu

Figure 5. Comparison of mass-transfer correlations between the shea
and a reciprocating paddle.
f
s
t

.

ies from reciprocating paddle cells, the line shear plate velocitysUd
and shear plate mixing lengthsLd, which equal shear plate heig
above the cathode surface plus thickness of the shear plat
expected to be related by

Sh= aRebSc1/3 f6g

whereSh= kL/D is the Sherwood number, Re =UL/n is the Rey
nolds number,Sc= n/D is the Schmidt number, andn is kinematic
viscosity of the fluid. The Schmidt number was 2147 for the
solution in this study.

Results and Discussion

Thickness of boundary layer.—The speed of the shear plate h
a significant impact on the cathode limiting current~see Fig. 3 an
4!. A six-fold larger limiting current was achieved using a sh
platevs.using a 28 LPM flow across the sheet wafer without a
tion at the cathode. The effective boundary layer thickness is
mated to be near 10µm at a shear plate reciprocation frequenc
10 Hz.

To determine the coefficients in Eq. 6, a plot of Sh/Sc1/3vs.Re
is given in Fig. 5. Coefficienta = 0.49 and coefficientb = 0.62. The
mass-transfer correlation of the form in Eq. 6 then becomes

Sh= 0.49Re0.62Sc1/3 f7g
This result is similar to mass-transfer correlation obtained fro

commercial reciprocating agitation system with a paddle cons
of a pair of separated and opposing triangular blocks parallel t
cathode surface1

Sh= 0.22Re0.61Sc1/3 f8g
The correlation of Eq. 8 was plotted and compared with Eq.

Fig. 5 by using the same characteristic variables. In comparis
reciprocating paddle agitation, the shear plate shows a higher
wood number~almost double coefficient a! indicating a highe
mass-transfer rate for the range of Reynolds number studied.

On patterned wafers with 50µm thick photoresist, the shear pl
generated an effective boundary layer thickness of 20µm at the
upper end of the shear plate frequency. The trenches on phot
patterned wafer are in the range of 10 to 100µm, a scale that

Figure 6. Estimated plating rate, based on cathode limiting currentvs.shea
plate speed with various concentration of cupric ions. Computed for
terned wafers with 50µm thick photoresist and 130µm via diameter.

Figure 7. Effect of mass transfer o
bump shape in Shipley InterV
8502/8540 copper bath,~a! 5 µm/
min, 6 Hz, i/iL = 0.6; ~b! 6 µm/min,
6 Hz, i/iL = 0.8; ~c! 7 µm/min, 6 Hz,
i/i L = 1.0
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influenced by convection.9 If we adopt Debecker’s definition of th
Peclet number~Pe!, whereL is diameter of the trench, the pad
speed isUo, andB is distance between the electrodes10

Pe = SUoL

B
D L

D
f9g

then at a paddle speed of 20 cm/s, the Peclet number would b
indicating that convection plays a role in controlling the depos
rate. At a Peclet number of 100, the process would be conve
dominated. Obviously, the wake trailing of the body of the s
plate’s cross members is able to penetrate deep into the trench
patterned wafers.

Figure 8. Comparison of time dependent behaviors of single blade p
arm and shear plate on~a! limiting current and~b! thickness of boundar
layer, at 24 cm/s of speed on the sheet wafer.
,

e

The limiting current depends on Cu2+ concentration and flu
dynamic conditions. With a fixed thickness of the boundary la
the cathode limiting current increases with increasing Cu2+ concen
tration. Using the thickness of the diffusion boundary layer co
sponding to shear plate speed derived and measured as abov~Fig.
4!, the limiting current in commercial copper plating baths can
estimated using Eq. 3. To obtain plated deposits of acceptab
pearance and uniformity, the practical operating current shou
set below one-half of cathode limiting current.

With these considerations in mind, deposition rates on patte
wafersvs. speed of the shear plate for various Cu2+ concentration
are plotted in Fig. 6, where operating plating current was s
one-half of limiting current. For comparison, 0.4, 0.6, and 0.8 m
of the Cu2+ concentration in the baths were selected.

At relatively high shear plate speeds, a deposition rate o,2
-6 mm/min is achievable for through-mask copper deposition
patterned wafers using commercially available copper baths
instance, with shear plate speed set to 6 Hz, then a smoot
bump shape is obtained at a deposition rate of 4.0µm/min in the 0.8
mol/L bath.

To confirm our estimated deposition rates in Fig. 6, we pl
patterned wafers in Shipley InterVia 8502/8540 copper bath, fo
ing which their bump shape was imaged by SEM. Figure 7 sh
the effects of mass transfer on bump shape on patterned wafe

At a shear plate oscillation frequency of 6 Hz, and a rati
operating current to limiting current of 0.6, the Cu bumps are fl
a plating rate of 5µm/min ~Fig. 7a!. Hence, as a result of the infl
ence of the shear plate, a fairly smooth deposit was obtained
relatively high current density. A uniform surface of bumps obta
near limiting current is also consistent with results of DeBecket
al.,10 who shows that more uniform current distribution is obta
by periodic flow than by unidirectional flow.

When the deposition rate was increased to 6µm/min, mass trans
fer limitations started to play a role. The bump grows at a faste
in the center due to greater agitation~Fig. 7b!. The bump growth a
the extreme edge is consistent with observations by Kondoet al.11

With further increase in plating rate to 7µm/min, representing
ratio of operating current to limiting current of 1.0, the deposi
becomes nearly mass transfer controlled and a nodular grow
observed~Fig. 7c!. SEM images of bump shape at various dep
tion rates are consistent with predictions from Fig. 6.

Time dependence of boundary layer.—Chronoamperometr
curves can also be used to monitor the time-dependent be
of limiting current. As shown in Fig. 8, the variation of limitin
current is only around 2%~one sigma! over the range of shear pla
oscillation frequencies from 3 to 8 Hz. This indicates that the s
plate provides a stable limiting current. It has been shown tha
conventional paddle arm cells, agitation likely arises due to vor
shed from the paddle that are 90° out of phase with the p

Figure 9. Normalized thicknesses of C
pattern deposition under mass-trans
limited conditions. Normalized thickness5
thickness/wafer-mean thickness; 6 Hz sh
plate oscillation frequency, 0.7 V cell vo
age,,4.5 ma/cm2 average current density
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motion.1 For a single paddle with a stroke length across the w
wafer, the limiting current will be periodic in nature with abo
21.6% variation in one sigma~see Fig. 8a!. With the shear plate, a
array vortex line that moves across the cathode surface with
periodic motion creates a uniform diffusion boundary layer by
hancing uniformity intensity of vortex mixing.10 By using the abov
calculation to convert the limiting currents into the boundary la
thickness; the time-dependence of the boundary layer is sho
Fig. 8b. It can be observed from this data that the boundary lay
periodic for a single paddle and relatively constant for the s
plate agitation.

Spatial dependence of boundary layer.—To further investigat
uniformity of the diffusion boundary layer across the whole w
surface, a patterned wafer was plated under limited current i
dilute solution. To reduce measurement errors caused by
growth under this mass-transfer-limited condition, a normal add
package of commercial bright copper bath was added to the
electrolyte. A smooth surface was obtained with bumps of,250
Armstrong average roughnesses. Figure 9 shows bump heigh
tribution across a wafer from bottom to top and from left to rig
Because the deposit is obtained at diffusion limited, individ
bumps have a domed top surface so that the thickness measu
is noising. However, the distribution of thickness across the wa
flat and shows no radial or pattern to the boundary layer thick
This demonstrates that the shear plate design is capable of ge
ing a thin and uniform “blanket” mass transfer boundary layer
the entire wafer.

Conclusion

This study employed several methods to study the mass tra
boundary layer within an industrial wafer plating cell. Linear sw
voltammetry and chronoamperometry methods were used to
-

nt

.
t-

r

-

sure limiting current. Copper deposition, under limiting current
ditions in a dilute solution, is a useful tool for characterizing
distribution of the mass transfer diffusion layer both spatially
temporally. We report that a novel fluid agitation shear plate th
capable of generating a thin, uniform, and nonperiodic boun
layer across the entire wafer surface which would be benefici
MEMS, flip-chip bumping, and WL-CSP applications.
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