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A scaling behavior of the internal stress in a nickel thin film electrodeposited by a rectangular current
pulse technique was investigated using a bent strip measurement. The internal stress that appears as a
tensile stress is found to obey a scaling law represented by power laws of the film thickness and the
Faradaic current pulse amplitude in one period. An increase in the film thickness combined with the
fluctuation of the surface roughness in a statistical surface growth model decreases the internal stress.
A decrease in the Faradaic current pulse amplitude that indicates a number of nickel ions arriving at
the electrode in one period lessens the internal stress owing to an increase in the mean grain size. The
scaling behavior of the internal stress suggests that the internal stress links the surface topography.
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1. INTRODUCTION

The internal stress [1-2] in thin films deposited on substrates has been investigated
experimentally and theoretically. One of the goals for the experimental studies is to describe the
internal stress using experimental parameters, however, the influences of many parameters on the
internal stress are so complicated that, for example, the internal stress that emerges in the thin film
changes from a compressive stress to a tensile stress depending on the parameter [3-4].

On the other hand, scaling is an important concept in modern statistical physics [5], especially
in phase transitions. Scaling is often described by simple power laws having exponents that determine
universality classes characterizing the scaling behavior, irrespective of experimental details. In film
growth, statistical surface growth models [6] using the scaling hypothesis have a feature that the
scaling exponent is independent of the experimental details. The internal stress occurs during film
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growth that is well described by the statistical surface growth model [7]. Hence, the internal stress is
also expected to obey the scaling law. The goal of our study is to enable us to describe the complicated
behavior of the internal stress with the help of the scaling approach.

A rectangle current pulse technique in electrodeposition [8], which has advantages of three
parameters varied independently, i.e., the current pulse amplitude, an on-time of the current , and an
off-time of the current, is often used for a study on the effect of the three parameters on the internal
stress in electrodeposits [9-10]. In addition, as the electric double layer formed between an electrode
and solution has a capacitative property, a portion of the rectangle current pulse passes through the
electric double layer as a non-faradaic current that does not contribute to the formation of films at the
electrode [11]. Hence, the effect of the pulse current amplitude on the internal stress should take into
consideration the non-faradic current.

In this study, Ni electrodeposition from a nickel sulfamate solution was chosen because it has
almost 100% current efficiency in direct current electrodeposition. The bent strip measurement [12],
which is one of the curvature measurement methods, was applied to measure the internal stress in
nickel thin films. The two-legged beryllium copper strips whose opposite sides are electrodeposited
causes the leg deflection from which the internal stress is calculated.

A Williamson-Hall technique in X-ray diffraction (XRD) was applied [13-14] to determine a
mean grain-size in the nickel film. The conventional Williamson-Hall technique assuming the uniform
deformation is based on the Bragg peak broadening due to the grain-size and strain in the film. Hence,
several Bragg diffraction peaks are required to estimate the mean-grain size. In a modified
Williamson-Hall technique considering anisotropic deformation [14], Young’s modulus, stress, and
strain are dependent on the Miller indices. The Bragg diffraction broadening in the electrodeposited Ni
thin film, which in this study is well described by the conventional Williamson-Hall technique, will be
analyzed.

In the present study, we demonstrate that the internal stress in the nickel films deposited by the
rectangular current pulse electrodeposition technique obeys the simple power law.

2. EXPERIMENTAL SET UP

2.1 Rectangular current pulse electrodeposition

The experimental procedure for the bent strip measurement [12] was as follows: A test
specimen (Specialty Testing and Development Co. made) consisting of two legs made of beryllium
copper was prepared for a cathode electrode. One side of the leg was coated with an insulating organic
thin film to prevent electrodeposition. Two poly-crystalline nickel sheets of 90x60x0.5 mm?® were
prepared for anode electrodes.

The cathode and two anode electrodes were put in a quiescent bath containing (gL™): nickel
sulfamate 600 and boric acid 40. The cathode electrode was located in the center of the two anode
electrodes. The bath was maintained at pH 4 and a temperature of 298 K. The rectangle current pulse
having an amplitude of 5 to 129 mA cm™, an on-time of the current ranging from 2 to 20 ms, and an
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off-time of the current ranging from 1 to 20 ms were provided with a bipolar power supply (Advantest
6241A) as a constant current source to deposit nickel on each bare side of the two legs. The main merit
of the bipolar power supply with fast output response (for example, a rise time less than 600us and a
fall time less than 30us) is to supply the rectangular pulse current without any distortion of the
waveform irrespective of the impedance in the electrochemical cell.

After electrodeposition, the test specimen was rinsed with distilled water and dried. Changes in
both the curvature and the weight of the test specimen were measured to determine the internal stress.

2.2 Current efficiency in rectangular current pulse electrodeposition

The hydrogen evolution usually takes place in electrodeposition. So as to avoid the hydrogen
evolution in nickel electrodeposition, in this study, the nickel sulfamate solution was chosen because it
has almost 100% current efficiency in direct current electrodeposition.

The current efficiency is defined by the normalized mass deposit that means the ratio of the
mass of metal actually deposited on the electrode to the deposited mass if all the current is used for
deposition. In our experiment, the current efficiency of nickel films formed by a direct current
technique was about 99 % using the nickel sulfamate solution. However, in current pulse
electrodeposition, the capacitative behavior of the electric double layer formed between the electrode
and solution causes the non-faradic current that just only passes through the electric double layer.
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Figure 1. A plot of the current efficiency vs. the duty cycle in rectangular pulse current

electrodeposition. The current efficiency at the duty cycle of 1 indicates that in direct current
electrodeposition.
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A plot of the current efficiency vs. the duty cycle under the experimental conditions above-
stated is shown in Fig. 1. A decrease in the current efficiency in rectangular current pulse
electrodeposition is caused not by the evolution of hydrogen, but by the capacitative characteristic of
the electric double layer. Hence, the internal stress in this study has no relationship with the hydrogen
gas. In addition, the faradaic current subtracted the non-faradaic current from the total current is
obtained from Fig. 1.

2.3 Estimate of the mean grain size using XRD

The nickel thin film electrodeposited on the test specimen was investigated to obtain the mean
grain size by conventional XRD (Rigaku Ultima) with CuKa radiation using a standard 6-26
diffractometer with a monochromator of carbon.

3. EXPERIMENTAL RESULTS AND DISCUSSION

3.1 Power law of film thickness
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Figure 2. Internal stress in the nickel thin film electrodeposited at a current pulse amplitude of 25 mA
cm, an on-time of 5 ms, and an off-time of 5 ms. (a) Dependence of the internal stress on the
film thickness. (b) A log-log plot of the internal stress vs. the film thickness. The slope best
fitted to the data yields 0.24+0.02.

Figure 2 (a) shows that the internal stress in the nickel film electrodeposited at a rectangular
current pulse amplitude of 25 mA cm™, an on-time of 5 ms, and an off-time of 5 ms decreases with the
film thickness. Figure 2 (b) shows that the internal stress c obeys a power law of film thickness h,
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o~h 2242002 Jassen et al. [15] reported o~h™ %% for CrN thin films formed by reactive sputter
deposition.
The correlation length & that means the spatial extent of fluctuations in a physical quantity
such as the surface roughness obeys a power law [6],

Lk, (2)

where z is called the dynamic exponent that describes the scaling of a relaxation times with the
system size. Here the relaxation time is defined as the time for the surface roughness to saturate. On
the other hand, a grain boundary relaxation model [1-2] predicts an inverse dependence of the internal
stress on a mean grain size d. As the correlation length is considered to be comparative in size to the
mean grain size d, the internal stress becomes

orvd 115 (2)

Thus, the exponent in the power law of film thickness is interpreted as the reciprocal of the
dynamic exponent, which is reported to have an experimental value [15] within a range from 0.22 to
0.79. In a statistical surface diffusion growth model [16], the dynamic exponent has a value of 4, which
gives 0.25 as the reciprocal approximately equal to the exponent in this experiment. After the
relaxation time, the internal stress is also considered to saturate. The surface topography such as the
fluctuation of the surface roughness seems to link the internal stress [7].

3.2 Power law of the duty cycle
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Figure 3. Internal stress in the nickel thin film electrodeposited at a current pulse amplitude of 25 mA
cm™ and an on-time of 5 ms for five kinds of the off-time Tos.
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The internal stress in the nickel film electrodeposited at a fixed current on-time of 5 ms is
shown in Fig. 3. An increase in the off-time appears to lessen the internal stress that decreases with the
film thickness.

In Fig. 4, the effect of the current on-time on the internal stress in the nickel film
electrodeposited at a fixed current off-time of 5 ms is shown. An increase in the current on-time of the
current appears to increase the internal stress.

According to Eq. (2), the internal stress determined by the film thickness is affected not by the
off-time during which no film growth takes place, but by the duty cycle at which the nickel film is
grown. Hence, the internal stress should be redrawn as a variable of the duty cycle as shown in Fig. 5.
All the data in Figs. 3 and 4 almost lie on the straight line. The slope of the best straight line fitted to
the data yields the exponent value of 0.74+0.04. Thus, we have

74
GN&—D.E-# ( Ton ) . (3)

Ton+Toff

The second term on the right hand side in Eq. (3) is required to include the current term from

which the non-faradaic current is subtracted. The result in this study shows the scaling behavior similar

to one in vapor growth [15]. This is because (1) in our study no additive such as NiCl [11] and

saccharin [17] was used, (2) hydrogen evolution [18] was suppressed owing to the high current

efficiency, and (3) according to the dynamic scaling theory the exponent n is independent of
experimental details [6].
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Figure 4. Internal stress in the nickel thin film electrodeposited at a current pulse amplitude of 25 mA
cm™ and an off-time of 5 ms for three kinds of the current on-time Ton.
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3.3 Faradaic current in rectangular current pulse electrodeposition
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Figure 5. A log-log plot of 6/h™®?* vs. Ton/(Ton+Torr). All the data in Figs. 3 and 4 is plotted. The
straight line best fitted to the data yields a slope of 0.74+0.04.
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Figure 6. A plot of the internal stress vs. the Faradaic current pulse amplitude at a film thickness of 1.0
um. The straight line best fitted to the data, gives the slope of 0.74+0.01.
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The rectangular current pulse applied to the electrodes generates the non-faradaic current and
the faradaic current. As the current consumed the formation of hydrogen is negligible small, the
faradaic current is simply deduced from the current efficiency in Fig. 1. A plot of the internal stress vs.
the faradaic current amplitude i is shown in Fig. 6 (a). The slope in Fig. 6 (b) yields the power-law

relation,

oril, 4

where the exponent is 0.744+0.01. Thus, taking into consideration the non-faradaic current, we
have the internal stress described by,

Groh 024 [if( Ton )]U'M_ (5)

Ton+Toff

The second term on the right hand side in Eq. (5) is interpreted as a number of nickel ions
arriving at the electrode, which form grains in the nickel film. The scaling behavior indicates that the
origin of internal stress relates the phase transition in growth. However, it is noted that some deviations
from the simple scaling law are often observed owing to the presence of products incorporated into
electrodeposits, for example, impurities that cause compressive stress [17, 20], grain texture [18], and
some compounds [19] formed by electrochemical reactions. In this study, the experiments were
performed to avoid the deviation.

3.4 Mean grain size determined by XRD
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Figure 7. Typical XRD chart of the nickel thin film and Williamson-Hall plot for the nickel thin film
of 1 um in thickness. (a) The XRD chart of the nickel thin film electrodeposited at a current
pulse amplitude of 25 mA cm™, an on-time of 5 ms, and an off-time of 5 ms. The diffraction
peaks of the nickel thin film and copper substrate were observed. (b) The straight line best
fitted to the line broadening coefficient of (111), (200), (220) and (311) yields the mean grain
size of the nickel thin film.,
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Next, we examine the effect of izon the grain size using the Williamson-Hall technique [13-14]
by XRD. In Fig. 7, a typical XRD chart of the nickel thin film having 1 um in thickness shows
diffraction peaks of nickel comprising (111), (200), (220), and (311) diffraction. In the Williamson-
Hall technique, the line broadening, B of a Bragg diffraction angle 6p originating from a small
crystalline grain size d and strain € in a film is given by

fcosfy = IZ—A + 4esinby, (6)

where K is the shape factor and A is the X-ray wavelength. To calculate 3 from the profile of
diffraction peak, the following Gaussian function G(6) was used as a fitting function for the diffraction
peak,

(Lmar—Lpack)
G(6) = "PEC e + Ly (7)

where T is the fitting parameter, Lyax IS the peak intensity of diffraction, Lk is the intensity of
background, 6. is the center value of the diffraction peak. Using the integral breadth, the line
broadening B for the (hkl) plane diffraction is equal to =L. The conventional Williamson-Hall plot is
shown in Fig. 7 (b).

The value of K is in a range of 0.89 to 1.3, which is dependent on the shape of grain [21].
Assuming that the grains in the Ni thin film have a sphere and the diffraction peak can be
approximately represented by the Gaussian function, we can use K=1. In Fig. 7 (b), the y-section of the
straight line on which all the data almost lies gives the mean grain size, d according to Eq. (6).
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Figure 8. A plot of the mean grain size vs. the Faradaic current pulse amplitude is in the nickel thin
film electrodeposited at an on-time of 5 ms and an off-time of 5 ms.
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In Fig. 8, the grain size decreases with the amplitude of the faradaic current pulse iz. The grain
size in Ni-Co films [22] electrodeposited by a current pulse technique is shown as a reference, which
also indicates a decrease in the mean grain size with the amplitude of the current pulse. The decrease in
the grain size in pulse electrodeposition may be qualitatively explained by a decrease in the diffusion
length [23] 15=(D/F)" or a decrease in the critical island size [24-25] L. oc F-* where F is the average
number of ions arriving at the electrode, D the diffusion coefficient of adatoms, and y an exponent
dependent on the mechanism of grain formation. The increase in the amplitude that lessens Iy and Lc
increases the internal stress. This also shows the internal stress combined with the surface topography.

In this study, no additive was added to the solution. Saccharin sodium used for a typical
additive in the electrolyte is expected to have an effect of pinning or depinning a moving interface at
active sites in the interface. Within a framework of the dynamic scaling theory, the effect is called as a
quenched noise. In a further study, the effect of saccharin sodium that causes a decrease in the internal
stress and a shift from the tensile to the compressive stress will be treated as a quenched noise that
causes a deviation from the scaling law.

4. CONCLUSIONS

We have investigated the internal stress in rectangular current pulse electrodeposition using the
bent strip measurement. The internal stress is found to be described by the power law

o742
groh 024 [;‘ . (Tl:f—;ﬁ)] . The scaling behavior of the internal stress suggests that the internal stress
omn o

links the surface topography determined by the surface roughness and the grain size.
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