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Abstract— Copper coatings are produced on silicon wafer by
electrodeposition (ED) in pulsating current (PC) regime.
Electrodeposition was performed at various current density
amplitudes in the range of 80—-140 mA cm?, frequency in the
range of 30—-100 Hz and coating thickness in the range of 10-60
pm. The resulting composite systems consist of monolayered
copper films electrodeposited from sulfate bath on Si wafers with
sputtered layers of Cr/Au. Roughness measurements were
performed to evaluate properties of the copper coating surface.
The coating roughness (R) was measured using Atomic Force
Microscope in contact mode. The software Gwyddion was used
for determination an average roughness parameter (Ra). After
that (Artificial Neural Network-ANN) model was used to study
the relationship between the parameters of electrodeposition
process and roughness of copper coatings. The influence of
experimental values: amplitude current density, frequency and
thickness of coating on the surface roughness will be highlighted.
Response surface methodology (RSM) was utilized to improve
the correction between R, and input parameters. Finally, the
results of the average roughness (experimental and predicted)
were used to estimate the new value of (Ra) of copper for each
variation of the input parameters and compared capability of
ANN and regression analysis for surface roughness generated
under different electrochemical conditions. The coefficient of
determination was found 92% for ANN and 93% for regression
analysis.

Index Terms—electrodeposition, roughness, AFM, coatings,
ANN, RSM.
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I. INTRODUCTION

Electrodeposition is one of the methods for developing
nanocrystalline copper thin coatings with variation surface
quality depending on the deposition parameter and the
properties of the substrate.

The best benefit of electrodeposition process over other
metallization methods such as chemical or physical vapor
deposition (CVD or PVD) is speed, simplicity, low cost and
the ability to predefine material properties as a function of
variable of electrodeposition conditions.

For application in Micro-Electro-Mechanical Systems
(MEMS) technologies, coatings must have satisfactory
properties such as: good wear and corrosion resistance,
compactness, fine microstructure, strong adhesion to the
substrate, good mechanical durability and ductility and low
roughness [1-5]. The surface roughness is an important
indicator of the quality of electrodeposited metallic coatings.
Also, the mechanical properties, such as microhardness [4],
creep life and fatigue behavior [6] and electrical properties
like conductivity [7] depend on the surface roughness of the
coatings.

Measuring the surface roughness of a coating by scanning
microscopy, such as AFM is a time-consuming process as is
the processing of each individual image, but is a starting point
for collecting of the roughness data, necessary to monitor the
quality of the coatings.

By the use of the developed software package, we are able
to design an experiment, predictable behavior of materials
with variation of process parameters and generate a model that
best describes the system we designed.

Artificial neural network (ANN) is powerful tools for
modeling, especially when the data are randomly distributed
and when the connection between the input parameters is
unknown [8-10]. Response Surface Methodology (RSM)
represents a collection of mathematical and statistical
techniques that are useful for the modeling, analysis data sets
and find the mathematical correlation between the input
variables and the output response [11-12].

Both methods (ANN and RMS) can be used to predict the
values of output variables (mainly the measured values) as a
function of input variables (process parameters) depending on
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the type of system and the quality of prediction we want to
achieve [13].

Il. EXPERIMENTATION
2.1. Materials and experimental conditions

Electrodeposition of copper was performed from sulfate
bath, composition: 240 g /L CuSO, -5 H,0, 60 g /L H,SOs.
The deposition was performed in an open-type cell at the
room temperature by the regime of pulsating current (PC).

The parameters of the PC regime used in the processes of
electrodeposition are given in Table 1. The current density
amplitude (ja in mA cm?), frequency (f in Hz) and coating
thickness (6 in um) are varied parameters. Deposition pulse
time (tc in ms) was kept constant at 5 ms.

TABLE I: DEPOSITION PARAMETERS.

No. ja/ mAcm f/ Hz S pm
1 80 100 40
2 100 100 40
3 120 100 40
4 140 100 40
5 100 30 40
6 100 50 40
7 100 80 40
8 100 100 10
9 100 100 20
10 100 100 60

For these experiments, substrate of Si wafers (2°°, (111)
orientation) was chosen and prepared to serve as a cathode.
The wafer was cut in parts (1 x 1) cm? surface area, standard
cleaning and drying procedures. The plating base on the
silicon wafers were sputtered layers of 30 nm Cr and 100 nm
Au, using Perkin Elmer 2400 sputtering system. High purity
copper was used as an anode.

2.2. Roughness measurement of copper coatings

The surface topography and roughness of the Cu coatings
were examined using atomic force microscope (AFM, TM
Microscopes-Vecco) in the contact mode. The values of the
arithmetic average of the absolute roughness parameters (R,)
of the surface height deviation, were measured from the mean
image data plane, using software Gwyddion. The values of R,
roughness parameter, calculated as average from three
independent measurements at different locations of one
sample of copper surface obtained by the PC regime with
variation of electrodeposition conditions. For three different
scan areas (2500, 4900 and 8100) pum?, two measurements
were made, and average roughness parameter was calculated.

The average roughness can be calculated as:

1 Ny Ny

R, = 2(i,J) — Zemn 1
. N.Nygé (1) = Znean| 1)

X s

where Ny and Ny are the number of scanning points on the x-
axis and y-axis; z(i,j) is the height of the (i,j) measuring point,
Zmean 1S the mean high of all measuring points [14].

I1l.  RESULTS AND DISCUSSION

The AFM surface areas of Cu coatings produced at different
thickness (10 and 60 pum) are shown in Fig. 1. The values of
Ra parameter obtained for various thickness of coatings for
three scan area surface area are shown in Table I1.
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Fig. 1. The AFM images of Cu coatings obtained by the PC regimes: a) & =
10 pm, b) =60 pm. ja= 100 mA cm-?, f = 100 Hz, t. = 5 ms. Scan area was
2500 pm?.

TABLE I
Roughness variation with coating thickness and constant frequency and
amplitude current density; ja =100 mA cm- and f = 100 Hz.

& | Scan area/ Ra/ d Scan area/ | Ra/

pgm | gm x pum nm pm gm x pum nm

10 50 x 50 66.54 20 50 x 50 114.7
10 50 x 50 65.12 | 20 50 x 50 121.9
10 70 x 70 65.81 | 20 70 x 70 121.2
10 70 x 70 60.82 | 20 70 x 70 120.4
10 90 x 90 64.71 | 20 90 x 90 125.9
10 90 x 90 7499 | 20 90 x 90 119.7
40 50 x50 280.8 | 60 50 x 50 299.9
40 50 x 50 2779 | 60 50 x 50 325

40 70 x 70 249.3 | 60 70 x 70 309.4
40 70 x 70 246.6 | 60 70 x 70 309.2
40 90 x 90 2471 | 60 90 x 90 297.5
40 90 x 90 2516 | 60 90 x 90 292.9
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3.1 Artificial Neural Network (ANN)

MATLAB R2017b and nntool box was chosen and applied
on roughness experimental data for training, testing,
validation and prediction of new values of R.. In the present
work, feedforward back propagation network was utilized.
The best network structure for this set data was 4-10-1, 4
corresponding to the input layer neurons, 10 to hidden layer
neurons and 1 to output layer neurons. The numerical
technique for optimization was Levenberg-Marquardt (LM).

The plot on Fig. 2 shows a regression between network
outputs and network targets. If the training were perfect, the
network outputs and the targets would be equal. The R-values
were found as 0.99608 for training (Fig. 2a), 0.99636 for
validation (Fig. 2b), 0.99176 for testing (Fig. 2¢) and 0.99553
for all data set (Fig. 2d).
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Fig. 2. The ANN regression for roughness parameter modeling, a) training
data (70% of data set), validation data (15%) and testing (15%).

Based on the values of the regression coefficient values (R)
and values of the mean relative error (MRE) ANN predictive
model is satisfactory and adequate. Fig. 3 shows the
experimental and the corresponding ANN predicted values as
well as the relative error for each data. The mean absolute
percentage error (MAPE) for the ANN model was 7.84 %,
calculated from the data in Fig. 3.

The maximal error was detected for sample with lower
scanned area, which was expected due to the sensitivity of the
measurement method. For a realistic estimation of the
roughness of the samples it is necessary to make
measurements at different locations of the sample and at
different scanned surfaces.

3.1 Response Surface Methodology (RSM)

Design-Expert 12 software and response surface central-
composite-design was employed for experimental design. A

small data set was used, for a constant scan area value of 2500
um? for all samples. The factors and factor levels are shown in
Table III.
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Fig. 3. Experimental versus predicted values of surface roughness using
ANN.

TABLE Il The factors levels.

Factors Levels
Amplitude gf current 80 100 120 140
density
Frequency 30 50 80 100
Coating thickness 10 20 40 60

The analysis of variance (ANOVA) was utilized in testing the
roughness data. The linear-model generated by the following
equation:

Y, :ﬂ0+2ﬂixi+e 2
i=1

where Yy is the required response, /b, ... /4 are the regression
coefficients, x is the independent variables and e is the error.
The final equation in terms of coded factors is given as:

Ra=506.9598-1.11778 ja—3.63598 f + 5.39583 & 3)

The equation (3) can be used to make predictions about the
response for given levels of each factor. By default, the high
levels of the factors are coded as +1 and the low levels are
coded as -1. The coded equation is useful for identifying the
relative impact of the factors by comparing the factor
coefficients. We can see that thickness is dominated factor on
influence to the roughness copper coatings. Fig. 4 shows the
residuals against run test and data points are randomly
distributed.

Fig. 5 shows the predicted response vs. the actual value
points are distributed along a 45° line; this means that the
organized model is adequate and satisfactory.

Fig. 6 is a 3D view response surface curve for surface
roughness. The best roughness value can be obtained at 100
Hz with current density at 100 mA cm2, for small coating
thickness.
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Fig. 4. Residuals against run tests for surface roughness parameter.
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Fig. 5. Predicted response vs. the actual values for surface roughness
parameter for copper coatings.
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Fig. 6. 3D response surface curves for the surface roughness. A coating
thickness of 35 um was selected for prediction.

IV. CONCLUSION

The conditions suitable for formation of compact and
uniform Cu coatings of a satisfactory roughness by the regime
of pulsating current (PC) were defined. The Cu coatings were
obtained with variation of an amplitude of current density,
frequency and coating thickness. The minimal roughness
showed the Cu coatings obtained at 100 Hz with the current
density amplitude of 100 mA cm2 and coating thickness at 10
pm. From the results obtained by application of two different
models follows:

-The coating thickness has strong influence on micro

roughness;

-The current density also strongly affected the coating
roughness, but less than frequency.

-Both RSM and ANN show good agreement with
experimental results.

-Both methods can be effectively used to predict coating
roughness.
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