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Application of atomic force microscopy and scaling analysis
of images to predict the effect of current density, temperature and

leveling agent on the morphology of electrolytically produced copper
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Abstract

Atomic force microscopy (AFM) was used to study the morphology of electrodeposited Cu at current densities from 183 to 253 A m−2.
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igital image analysis was employed to parameterize the morphological information encoded in AFM images and to extract in
oncerning the mechanism of the electrodeposition reaction. It has been shown how the limiting roughness,δ, the critical scaling length,Lc

nd the aspect ratio, 4δ/Lc, vary as a function of the deposition time and electrodeposition conditions, such as temperature, curren
nd the amount of organic additives. It has been demonstrated how laboratory experiments of short duration and the scaling anal

mages can be used to predict roughness of the metal sample after 2 weeks of industrial electrorefining.
2005 Elsevier Ltd. All rights reserved.
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. Introduction

Production of many metals, particularly, Ni, Cu, Zn, Ag
nd Au involves electrolytic methods based on the metal
lectrodeposition reaction. In the past, the metal electrode-
osition reaction has been characterized chiefly in terms of
urrent–voltage or current–time curves. Various models of
he mechanism that describe nucleation and growth under var-
ous constraints, such as diffusion-limited, charge-transfer-
imited and substrate-enhanced growth[1–3] have been pro-
osed. However, these models cannot be used to explain and

o predict surface morphology of electrodeposited material.
Spectacular advances in surface imaging techniques, such

s atomic force microscopy (AFM) or white light interference
icroscopy (WLIM) have introduced new tools for the study
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of the morphology of electrodeposited metal. The sca
analysis of these images allows one to characterize the g
of the deposited metal in terms of its surface roughness
periodicity of surface features in the direction parallel to
surface (grain sizes). Monitoring evolution of these para
ters as a function of the deposition time allows one to pre
the morphology of industrially produced metal with the h
of a laboratory experiment of a relatively short duration[4].
The scaling analysis has been successfully applied to de
deposition of copper in the presence of organic addi
[5,6], deposition of gold and platinum[7], thin films of tin
on steel[8] and electrorefining of nickel[9].

The parameters derived from the scaling analysis
provide an insight into surface growth mechanisms.
ring [10] proposed that the surface roughness results
a random material deposition (stochastic roughness), w
is opposed by lateral smoothing processes[4,11–15], such as
dissolution and re-deposition, surface diffusion and vol
diffusion.
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The objective of this paper is to illustrate the power of
AFM imaging combined with scaling analysis to predict the
morphology of copper electrodeposited at conditions mim-
icking industrial copper electrorefining. We will also show
how to use this technique to optimize the electrorefining
parameters, such as the current density, temperature and con-
centration of organic additives. Modern AFM instruments
allow imaging of a surface area that is 150�m× 150�m
wide and the height of the imaged objects may not exceed
6�m. This imposes restrictions on the duration of the
electrolysis, which as a rule should not exceed 10 h. The
deposition time of the industrially produced copper is on the
order of 10 days and the roughness is usually in excess of
10�m. The roughness of industrial samples can be measured
with the help of WLIM. We will demonstrate that the AFM
images acquired for a laboratory sample corresponding to
10 min of electrodeposition can be scaled up to predict the
surface morphology after 100 h of electrodeposition (4 days).
The scaled up AFM images will be compared to WLIM
images of industrial copper produced after 4 days of elec-
trodeposition. We will show an excellent agreement between
the roughness and morphology displayed by the scaled up
image of a laboratory sample and the image of the industrial
sample. We will provide conclusive evidence that the mor-
phological and topological information obtained by AFM
imaging of copper produced in a laboratory experiment of a
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Fig. 1. Diagram of the electrochemical cell.

using the ratio of the volume of the industrial tank to the
volume of the experimental cell.

After each deposition, the cathode was rinsed with deion-
ized water. The surface was then imaged by AFM using
different scan sizes. For each plating condition, samples of
electrodeposited metals were collected for a series of elec-
trodeposition times. Morphology of the electrodeposited cop-
per was investigated at; (i) 54.5, 65 and 76.7◦C using current
density 183 A m−2 and (ii) for 213 and 253 A m−2 at 65◦C.
Glue and tembind (commercial names of a mixture of organic
compounds) were used as leveling agents.

AFM images were captured using Nanoscope E AFM
(Digital Instruments, CA) using silicon nitride tips (Dig-
ital Instruments) which had a nominal spring constant of
0.06 N/m. All images were acquired in height mode, with
both gains∼3, at scan rates between 7 and 12 Hz. No fil-
tering of images was performed other then inherent in the
feedback loop.

The White Light Interference Microscope, model WYKO
NT3300 (Veeco Metrology, Tucson, Arizona) was used to
capture images of the industrial samples using different mag-
nifications (5, 10, 27, 51 and 104).

3. Results
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elatively short duration is relevant for industrial product
f copper. Preliminary results of this work were presente
ef. [16].

. Experimental

.1. Electrodeposition

Copper electrodeposition was carried out using a
lectrode electrochemical cell consisting of counter (
nd working (WE) electrodes. The current density
ontrolled by a galvanostat (VersaStat, EG&G Poten
tat/Galvanostat). The cathode was a 6 mm diameter c
lug embedded in resin. It was hand-polished with 600,
nd then 1200 grade SiC paper, followed by polishing
loth containing 1�m alumina powder. The electrode w
hen cleaned in an ultra-sonic cleaner to remove alumin

period of 10 min. The polished electrode was placed
ethanol solution for degreasing.
The electrochemical cell is shown schematically

ig. 1. Two hundred milliliters of an industrial electroly
as circulated between the electrochemical cell and

eservoir, maintained at the desired operating tempera
typical elemental composition of the electrolyte in g

as; 40 Cu; 22 Ni; 152 H2SO4; 5.5 Na; 2.5 As; 0.2 Bi. Th
olume ratio between the cell and the reservoir was a
:2.5. To mimic the industrial hydrodynamic regime,
ow rate of the electrolyte (measured as volume/time)
qual to the rate used in copper electrorefining, scaled
Figs. 2 and 3depict the principles of the method.Fig. 2
hows a series of AFM images of the surface of co
cquired after various deposition times, using 183 A m−2,

emperature 65◦C and with addition to 6 mg/L of glue an
50 mg/L of tembind. This constitutes the standard co

ion of electrorefining and will be referred to as the stan
ondition.

In order to extract the morphological information, the s
ng analysis was performed on every image.Fig. 3illustrates
he principle of the scaling analysis. In the scaling ana
he image is divided into a grid of squares with the side le
scaling length)L. One calculates the root-mean-square o
urface heights (rms) or the standard deviation of the su
eights within each square and then averages this sta
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Fig. 2. AFM images of electrodeposited copper from the solution with
6 mg/L of glue and 250 mg/L of tembind at 183 A m−2 and at 65◦C for
the following deposition times: (a) 0.5 min, (b) 1 min, (c) 2 min, (d) 3 min,
(e) 5 min and (f) 10 min.

deviation over all squares to determine (ξL) defined as[4,12]:

ξL =
√

〈[H(x, y) − 〈H(x, y)〉]〉2. (1)

The calculation is repeated using another grid of squares
with a different value of the scaling lengthL and then�L is
plotted versusL in logarithmic coordinates. In Eq.(1), H(x,y)

is the height at the pointx,y at the surface, measured with
respect to an arbitrary reference plane.

Fig. 3 shows the logξL versus logL plots for four sam-
ples corresponding to different deposition times. For larger
values of the length scaleL, the parameterξL attains a limit-
ing roughness (δ). The presence of a plateau at the logξL

versus logL plots indicates that for a sufficiently largeL
the measured roughness parameter becomes independent of
the scaling length. The scaling theory predicts that the time
dependence of the limiting roughness, is described by:

δ ∝ tβ (2)

whereβ is the growth exponent. The growth exponent may
be easily determined from the slope of the logδ versus logt
plot.

At lower values of the length scale, logξL varies in a lin-
ear fashion as a function of logL. In fact, the scaling theory
predicts that in this range:

ξL ∝ Lα (3)

whereα is the static exponent and its value should be inde-
pendent of the electrolysis time. The magnitude of parameter
α reveals the dominant mechanism of the surface growth. The
static exponent is related to the coefficientn = 2(α + 1), that
can be independently determined from the spectral power
d is of
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m
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Fig. 3. Representative plot of the standard deviation of the surface height,ξL as a fu
L curves defines the root mean square (rms) limiting roughnessδ. The scale lengt h,
Both δ andL increase with the deposition time. The inset shows standard lo nent
1 ponenγ.
c

/z, the dynamic exponentβ and the aspect ratio (optical roughness) ex
ensity analysis of the images (Fourier transform analys
he image). The parametern = 4 indicates that the depositi
s controlled by surface diffusion whilen = 3 indicates tha
he smoothing of the surface is due to the so called vo
ow which can be identified as the progressive nuclea
echanism.
The characteristic lengthL at which the surface roug

ess attains the limiting value is called the critical sca
ength (Lc). The critical scaling length measures periodi
f surface features in the direction parallel to the surf

nction of the scale length for several growth times. The plateau in theξL vs.
hL corresponding to the knee in the curves is the critical scaling lengtLc.
g–log plot ofLc, δ and 4δ/Lc vs. time used to determine the roughness expo
t
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Table 1
Values of the scaling analysis parameters describing the morphology of electrodeposited copper at investigated conditions

Experimental variable Condition 4δ/Lc ctγ (�m) δ atβ (�m) Lc bt1/z (�m) α n

Temperature (& 183 A m−2 and 6 mg/L glue) 54.5◦C 0.42t−0.03 0.097t0.35 0.959t0.38 0.78 4.0
65.0◦C 0.61t−0.05 0.130t0.34 0.869t0.40 0.80 3.9
76.7◦C 0.59t−0.13 0.152t0.35 1.030t0.44 0.66 3.9

Current density (& 65.0◦C) 213 A m−2 0.34t0.03 0.088t0.40 1.031t0.36 0.73 3.7
253 A m−2 0.51t0.01 0.108t0.40 0.869t0.40 0.77 4.1

Glue concentration (& 183 A m−2 and 65◦C) 3 mg/L 0.52t−0.03 0.139t0.31 1.090t0.34 0.78 3.9
9 mg/L 0.56t−0.11 0.118t0.35 0.829t0.44 0.73 3.9

The theory predicts thatLc depends on time according to the
scaling law:

Lc ∝ t1/z (4)

where 1/z is the roughness exponent. The ratio of 4δ/Lc is
the aspect ratio that is a measure of the ratio of the height to
the width of a periodic feature on a corrugated surface (for
example, ratio of the grain height to the grain width). The
dependence of the aspect ratio on time is described by:

4δ

Lc
∝ tγ (5)

whereγ is the optical roughness exponent. The time depen-
dence ofδ, Lc and 4δ/Lc is shown in the inset toFig. 3. The
advantage of the scaling analysis is that the mechanism of
growth and the evolution of the surface morphology with
the electrodeposition time may be described in terms of four
exponentsα, β, 1/z andγ. The exponentα provides infor-
mation concerning the mechanism of surface growth, while
exponents:β, 1/z andγ show how the height, width and the
aspect ratio of surface features change with the deposition
time. The values of parameters determined from the scaling
analysis are reported inTable 1.

Fig. 4a shows scaling analysis performed on WLIM
images of industrial samples. Sample A corresponds to

F ges
( h)
u Plot
o sis of
i

copper produced after 16 days and sample C after 16 h of
electrorefining. The scaling analysis of copper produced in
the laboratory at conditions mimicking industrial electrore-
fining but using deposition times shorter than 10 min are
shown in the left bottom corner ofFig. 4a. The results show
that the laboratory and industrial samples scale according
to the same law.Fig. 4b plots the limiting roughness as a
function of the deposition time. The points corresponding to
the industrial samples are lying on the line plotted through
the points determined from the scaling analysis of the
AFM images. This is an important result as it shows that
a laboratory experiment can be used to predict the surface
roughness of copper produced in a refinery.

The scaling parameters determined from AFM images
can be used to rescale an image of electrodeposited copper
produced in a short duration laboratory experiment to predict
the morphology of the metal after 10 days of electrorefining.
Fig. 5a shows an image of a predicted surface morphology of
copper after 10 days of electrorefining obtained by rescaling
an image of a laboratory sample corresponding to 45 min of
electrodeposition. For comparisonFig. 5b is a WLIM image
of an industrial sample after 10 h of electrorefining. The two
images show similar size grains that are actually sharper
and better resolved in the image scaled up from an AFM
experiment.

The lateral resolution of the WLIM is determined by the
d
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ig. 4. (a) Scaling analysis of two industrial samples “A” and “C” ima
sample “A” deposition time∼16 days, sample “C” deposition time 16
sing WLIM and seven laboratory samples images using AFM. (b)
f the limiting roughness vs. time determined from the scaling analy

mages.
iffraction of light limit and is on the order of∼1�m. The
esolution of an AFM image is determined by the image
ivided by the number of pixels and is better than∼0.2�m.
his is why more features could be seen in the scaled up

mage. Taking the differences between the lateral resol
f the two techniques into account, the similarity betw

he predicted and the actual image of the industrial sa
s remarkable. This example illustrates the power of A
nd scaling analysis to predict morphological changes i
lectrolytically produced copper as a function of various e

rodeposition conditions.
The second level of image analysis involves calcula

f the autocovariance function (ACF)[17–20]. The ACF is
he product of two exact copies of the image when they
hifted relative to each other by a separationr. The ACF of a
ough surface is defined by[4]:

(|r|) = 〈h(rj)h(ri)〉 − 〈h(r)〉2 (6)
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Fig. 5. (a) Predicted surface topology of copper produced by 10 days of electrodeposition by scaling up an AFM image of a sample obtained after 10 min
of deposition in our laboratory; (b) WLIM image of copper surface produced after 10 days of electrorefining in a copper electrorefinery. Both samples were
produced by electrodeposition from the standard electrolyte solution at 183 A m−2 and 65◦C.

wherer = |rj − ri| is the separation or lag length.Fig. 6shows
representative ACF calculated for one image fromFig. 2. The
functionG(|r|) probes the correlation between features on a
rough surface as a function of their separation distance, with
nonzero values indicating correlated structures. The value of
ACF at the origin of coordinates is equal to varianceδ2, hence
the limiting surface roughness is equal to:δ = √

G(|r = 0|).
The value ofr at which the ACF crosses zero for the first time
is the critical scaling lengthLc. It is related to the correlation
length (σ) by the formula;σ = Lc

√
α/π [4].

The Fourier transform of the ACF gives the spectral power
density or structure factor for the rough surface[21]:

g(|q|) ≡ 	[G(|r|)] (7)

where	 is the two-dimensional Fourier transform operator
and q is the wave number.Fig. 7 plots the spectral power
density (SPD) calculated from the ACF shown inFig. 6. At
low frequencies the SPD attains a limiting value related to the
limiting surface roughness byαδ2L2

c/π. At high frequencies

the SPD decreases linearly with logq. The slope of this plot
is equal to the exponentn which provides useful information
concerning the smoothing mechanism. The value ofn = 1 is
observed when smoothing is due to the viscous flow of an
amorphous material;n = 2 for smoothing resulting from the
dissolution and re-deposition,n = 3 for the bulk diffusion
or the progressive nucleation, finallyn = 4 when smoothing
is caused by the surface diffusion. The slope of the plot in
Fig. 7is∼4 and this indicates that the smoothing mechanism
involves surface diffusion. While the calculation of ACF
provides essentially the same morphological information as
the scaling analysis, the SPD determined from the Fourier
transformation of ACF provides valuable insight into the
origin of the smoothing mechanism.

The AFM imaging and the two levels of digital image
analysis were employed to study the effect of various
electrorefining conditions, such as variable temperature,
variable current density and variable glue concentration on
the morphology of electrodeposited copper. The range of
these parameters was relatively narrow. However, it was

the AC
Fig. 6. Representative example of
 F calculated from the image (e) inFig. 2.
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Fig. 7. Representative example of the SPD calculated from the ACF inFig. 6.
Predominant smoothing mechanism: viscous flow (n = 1), evaporation and
condensation (n = 2), bulk diffusion (n = 3) and surface diffusion (n = 4).

typical for a change that may take place during industrial
copper electrorefining.Table 1describes the morphology of
copper, electrodeposited at these experimental conditions,
in terms of parameters determined from the scaling analysis
of the AFM images. Columns one and two describe the
experimental condition. Columns three to five report values
of the surface roughness, the critical length and the aspect
ratio at any value of deposition time. These numbers may
be used to calculate the surface roughness and the width of
the surface features (grains) at a desired time of the electro-
refining.

The last two columns inTable 1report the values of the
static scaling coefficientα and the smoothing coefficientn.
We recall that according to the theoryn = 2(α + 1). The val-
ues ofn determined from the SPD were approximately equal
to 4 under all the experimental conditions. The values ofn
calculated fromα were on the order of 3.5. These numbers
indicate that surface diffusion was the predominant smooth-
ing mechanism[4].

The following predictions can be made with the help
of parameters listed inTable 1. The surface roughness and
the critical length increase with temperature. However, the
roughness increases faster with time than the critical length.
At a longer electrolysis time, the aspect ratio of grains in
copper produced at 76.7◦ will be smaller than at 54.5◦. The
surface produced at the highest temperature will be more
l ere
i or-
p
c
z with
t solu-
t that
t length
i This
c , glue
a r and

more leveled surface is produced when the glue content in
the electrolyte increases.

4. Summary and conclusions

Atomic force microscopy has been shown to be a powerful
tool for studying surface morphologies of electrodeposited
metals. The digital image analysis allows one to encode
the morphological information contained in the image of
electrodeposited metal in the magnitude of a few numerical
parameters. These parameters may then be used to predict
the surface morphology of a metal produced by prolonged
electrolysis, from an experiment of short duration.

We have applied this method to investigate the effect of
temperature, current density and glue concentration on the
morphology of electrodeposited copper. A relatively narrow
range of these parameters, typical for a change that may take
place during copper electrorefining, were investigated. The
results of these experiments may help the refinery to either
optimize the electrolytic production of copper or to predict
the effect of an unexpected change of the electrodeposition
conditions.
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