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Abstract 

The stress relaxation during the interruptions of cobalt thin film growth by electrodeposition was 

monitored by cantilever bending technique. The surface morphological evolution of cobalt thin films 

during stress relaxation was characterized by atomic force microscopy. Unlike the stress relaxation of 

perfect cobalt film, the relaxation of cobalt film with surface imperfections displayed irreversible 

characters and was suggested to be the result of cobalt dissolution in electrolytes. Additionally, the 

irreversible stress relaxation was accompanied by mass lost and open circuit potential change, supporting 

the dissolution mechanism. Scaling analysis of the morphology evolution indicated that the local stress is 

one of the primary driving forces for the dissolution. Additives containing Cl- silenced the stress 

relaxation by improving the smoothness of film surface. 

Page 1 of 21 RSC Advances

R
S

C
A

dv
an

ce
s

A
cc

ep
te

d
M

an
us

cr
ip

t



 2

 

1. Introduction 

 Residual stress is known to be critical to the reliability and performance of devices and materials 

made of thin films. 1 Electrochemical deposition (ECD) has been extensively used as a massive and 

economic method for the production of electronics and coatings in industry. Significant amount of effort 

has been paid to the investigation of the stress evolution mechanisms during thin film growth by ECD. 2-9 

Yet, the understanding is still incomplete because of the complexity of the solid-liquid interface and the 

multiplicity of the electrochemical reactions. 

Cantilever technique is commonly employed to monitor the stress relaxation during the interruption of 

thin films growth by ECD (Fig. 1). 10, 11 For thin film growth in Volmer-Weber mode, the stress evolution 

displays a compression-tension-compression transition. The last compression phase is associated with the 

formation of continuous film. Using this technique, it has been demonstrated that the stress relaxation for 

a continuous film with perfect surface, is largely due to the outflow of the adatoms from the grain 

boundaries to the film surface. 3, 12 This type of relaxation during growth interruption has an exponential 

profile and is reversible in nature. Namely, the resumption of deposition led to a concave down transition 

of stress and the average stress in thin film eventually reached to the same level as that of before 

interruption of deposition (Fig. 2a). However, recent observations showed that the stress relaxation for 

some films grown by ECD was irreversible where the resumption of deposition resulted in a concave up 

transition of stress (Fig. 2b). Meanwhile, surface characterizations of these films suggested that the 

presence of imperfections (such as pin holes) in these films (Fig. 2c). Although researchers have reached 

a consensus that the driving force for the reversible stress relaxation of continuous films is the chemical 

potential difference between the grain boundary and the surface, it is still important to investigate whether 

the irreversible relaxation is related to the surface imperfections for practical purpose as the imperfections 

are prevail in industry products. For example, the magnetic thin films of cobalt, iron and nickel have been 

widely used in electromagnetic devices, such as the read-and-write head of hard drive and various field-

effect devices. 13, 14 As the microstructures of these films have been shown to be critical to the magnetic 

properties as well as the performance of these devices, 15-19 the understanding of the imperfection-induced 

stress relaxation during thin film growth becomes extremely valuable. Specifically, we study the stress 

relaxation of cobalt thin deposited on amorphous substrates, which eliminates the preferential growth 

along grain boundaries on polycrystalline substrates and makes the growth cobalt islands more uniformly. 

The mechanisms revealed for cobalt deposition can be potentially applied to other systems. 
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In this study, we measured the stress relaxation of cobalt thin film deposited by ECD and 

characterized the surface of the films by atomic force microscopy (AFM). We proposed that the 

irreversible relaxation was due to the dissolution of cobalt. As dissolution is associated with mass loss, we 

monitored the mass change by quartz crystal microbalance (QCM). Meanwhile, we also characterized the 

open circuit potential (OCP) change of the films. The correlation between mass loss and OCP change 

strongly suggests that the irreversible stress relaxation is a result of dissolution due to the presence of 

surface imperfections.  

 

2. Theory 

During deposition interruption, there are only two possible reactions on the film surface: dissolution and 

passivation. In the electrolyte solutions, pure metals may undergo following reactions: 20 

M→M+
aq+e-          (r1) 

M+H2O→MOHads+H++e- ,       (r2) 

MOHads→MOH+
aq+e- ,       (r3) 

MOHads+H2O→M(OH)2+H++e-,      (r4) 

nM+mH2O→MnOm+2mH++me-,      (r5) 

where M represents the metal atoms; M+ is the metal ion; the subscript “aq” and “ads” represent aqueous 

state and adsorbed state; n and m are integers. Reactions (r1), (r2), and (r3) are associated with dissolving. 

Reactions (r4) and (r5) are passivation. As the chemical reactions continue at the solid-liquid interface, 

the driving forces of all those reactions evolve as a result of the changing of ions concentration and the 

pH near that interface. Dissolution is associated with mass loss whereas passivation leads to mass gain. At 

low temperature, there is no mass change in the stress relaxation if it is induced by any physical processes, 

such as surface diffusion or creep.  Thus, one can distinguish not only physical processes from chemical 

ones but also dissolution from passivation by observing the mass change if chemical reactions indeed 

occur. Additionally, chemical reactions involve concentration changes of ions and chemical potential 

changes of solids. Thus, OCP measurement can provide complementary information about whether 

chemical reactions occur and which reaction dominates. 

     Theoretical analysis has already shown that stress in films affect surface evolution during dissolution.  
21-23 Consider a solid thin film, deformed by a lateral stress σ  ( 0>σ for tension and 0<σ  for 

compression), has a surface profile ( ) ( ) ( ) ( )xtathtxh ωcos, 0 += . Here, ( )th0  is the average height of the 

surface over x ; ( )ta  is the magnitude of the cosine wave; λπω 2=  with λ  for the wavelength of the 
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surface. Assuming small perturbation ( 1<<ωa ), to the first order in ωa , the elastic energy density per 

atom is given by ( ) Exaw 2/)cos41(2 ωωσ −= , where E  is the Young’s modulus of the film. According 

to Herring’s definition, 24 the chemical potential along the surface has the form of  ( ) ( )wgx ++Ω= γκµ 0 , 

where 0g is the chemical potential density of a flat surface without stress; γ  is the interface energy; κ is 

the curvature at position x ; Ω  is the volume of single species that composes the film. With small slope 

approximation, the local curvature is given by ( )xa ωωκ cos2= . The growing velocity along the normal 

direction of surface is ( )wgMR ++= γκ0 , where M  is the mobility and the summation of the terms in 

the bracket is the driving force. For a perfect flat surface with elastic energy density 0w , the drive force is 

00 wg + . 25 At this moment, only negative driving force (dissolution) is considered. Since geometrically 

nthR
r
⋅∂∂= , the surface evolution can be described by ( ) 2

0 1 hwgMth ∇+++=∂∂ γκ , where n
r

 is 

the surface normal with the value 
1

2
1

−






 ∇+ h . Thus, one has 

( )EM
t

a

a
ωσγω 22 2

1
+−=

∂
∂

.         (1) 

and 

( ) ( ) ( )( )[ ] ( ) )0(2expcos0),( 000
22 htwgMtEtMxatxh +++−−= ωσγωω .   (2) 

The characteristic time of the exponential term is ( )EMe ωσγωτ 221 2+−=− . The surface roughness 

undergoes an exponential decay with time. The average dissolution thickness is ( ) ( )twgMth 00 +=∆ . 

Accordingly, the mass change is a linear function of dissolution time when the driving force does not 

change with time.  

 

3. Experimental technique 

3.1 Substrate Preparation 

For ECD, the substrate must be conductive and inert to the electrolyte solution. Here, a very thin 

amorphous NiTi layer with an underlying Cr seed layer was coated on VWR 150 µm thick glass slide, 

serving as the working electrode. The surface roughness of the substrate characterized by AFM was 

smaller than 5nm.  
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3.2 Electrochemical deposition 

The deposition cell was made of Teflon and its bottom was sealed with a quartz bottom cover that is 

transparent to laser beam while minimizing the laser absorption. The basic electrolyte solution in this 

study was CoSO4 dissolved deionized (DI) water, ranging from 0.01 to 0.1 mol/L with the pH values 

between 4 and 7. The reference electrode was an Ag/AgCl electrode and the counter electrode was a piece 

of platinum plate. The electrochemical deposition was controlled by an EG&G Princeton Applied 

Research Corporation model 263A potentiostat/galvanostat. A constant current mode was used with the 

assumption of 100% cathode current efficiency. 

 

3.3 Stress measurement 

The stress was measured by cantilever bending technique (Fig. 1). The substrate and the counter 

electrode were mounted in a parallel fashion while the counter electrode was placed 1 cm above the 

substrate (working electrode/cathode). The substrate was about 1 cm away from the quartz cover. The 

data acquisition rate for stress signals was maintained at 10Hz. The photocurrent signals due to the 

bending of the substrate were converted to stress*thickness based on a pre-calibrated curve. 

 

3.4 Characterization of thin film morphology  

The film morphology was characterized by a Molecular Image PicoScan AFM. The scanning tips 

were made of SiN4. The morphology after stress relaxations was measured in taping mode because of the 

very rough surfaces. The scan speed was below 4 lines/s to ensure the image quality. The AFM was 

contained in a sound-proof box that was positioned on an optical table. The images were analyzed by 

SPIP software (www.imagemet.com). 

Scanning electron microscopy (SEM) JEOL 6700F was also used to characterize the topology of the 

deposited films. Chemical composition of the film surface was characterized in backscattering mode. 

 

3.5 Mass change measurement  

An Electrochemical Quartz Crystal Microbalance (Gamry instruments) was used to measure the mass 

change. For the dissolution measurement, the quartz substrates were coated with a thin layer of 

amouphous NiTi to make the substrate surface almost identical to those used for stress measurement. The 

mass change was correlated to the frequency change of the quartz substrates by Sauerbrey equation. 
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4. Results and discussion 

     To illustrate the irreversibility of the stress relaxation, a typical stress evolution associated with 

deposition interruptions after the films became continuous is shown in Fig. 2b. The insert is the complete 

stress signal. Before interruption, the stress evolution attained a steady state with a nearly constant slope, 

indicating a constant compressive stress. During interruptions, the stress signal exhibits exponential 

increase towards the tensile regime to release compressive stress whatever the overall stress state of the 

film is either tensile or compressive. After a short period of time with the resumption of deposition, the 

stress recovers the same slope as that before the interruption, which is similar to that observed in other 

systems. However, it has a concave up shape rather than a concave down profile (as indicated by the 

dotted line in Fig. 2b) that has been observed by others. The concave down transition in the beginning of 

deposition resumption together with the exponential stress relaxation have been named as reversible 

stress relaxation. 3, 12 It is commonly accepted that the reversible stress relaxation is due to the reversible 

adatom flux flowing in and out of the grain boundaries when the deposition is on and off. 10, 24 As shown 

in Fig. 11, the stress relaxation process during ECD can not be considered as completely reversible 

though the stress relaxation signal has exponential characters.  

The irreversibility of the stress relaxation indicates the existence of certain dissipation process. A 

reasonable guess is dissolution. To test the hypothesis that the dominant mechanism for stress relaxation 

is a result of dissolution, mass and OCP were monitored during deposition interruptions by QCM and 

potentiostat, respectively. Two individual stress relaxation measurements were conducted (after long time 

deposition of 0.7Å/s, equivalent to 0.2 mA/cm2) at different values of instantaneous stress of -26MPa and 

-58MPa for Co deposition in 0.05 mol/l CoSO4 (pH~4.4), shown in Fig. 3a and b, respectively. The 

energy relaxations are about 2GPa·Å. The magnitudes of OCP transients measured relatively to saturated 

hydrogen electrode (SHE) are about 0.3 V. After 50~100s period of significant varying, the OCP almost 

reaches a constant value eventually. The mass change measurement is shown in Fig. 3c. It is evident that 

the mass (frequency signal) varies linearly with time, which is consistent with the theoretical predication 

based on Eq. 2. Even for long time scale, for example 30 minutes, the mass change still remained a linear 

profile (not shown).  

Under open circuit condition, the significant change of OCP indicates that certain chemical reactions 

were associated with stress relaxation. Amorphous NiTi substrates have an equilibrium potential about 

0.26V to SHE. The mixed oxides (mainly TiOx) have much higher equilibrium potential than that of NiTi 

alloy. The equilibrium potential of Co is -0.28V to SHE. According Pourbiax diagrams, 26 if the oxide 
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layer is effectively exposed to the electrolyte solutions, galvanic corrosion will occur and the films will be 

dissolved into solution while the OCP will change from the value of corresponding film to that of the 

substrate. The existence of pin-holes in electrochemically deposited films has been reported repeatedly in 

literatures. These pin-holes can sometimes form 3D connected network from the bottom to the surface of 

the films and thus provide a channel for the substrates to contact the electrolyte solutions, which allows 

the galvanic corrosion to take place. Indeed, in SEM measurements (backscattering mode with chemical 

composition analysis), holes were observed frequently for the deposited cobalt films (Fig. 2c). Meanwhile, 

the magnitude of OCP change observed in our experiments (Fig. 3) was 0.3 V, which is very close to the 

theoretical equilibrium difference between Co and NiTi, 0.4 V. The significant change of OCP also rules 

out the possibility of passivation of cobalt where OCP change is only about 0.02 V. 27 

Based on above analysis and experimental evidence, it is highly possible that the dominant 

mechanism for stress relaxation observed in my experiments is dissolution (galvanic corrosion) if the 

substrates effectively contact the electrolytes through the network of pin-holes. Although surface 

diffusion of adatoms and back flow of adatoms from grain boundaries do play important roles in 

morphology change during dissolution, their physical nature of these processes cannot explain the 

significant OCP change and mass change that are the inherent characters of chemical processes.  

It is known that stress plays important role in surface evolution. Enormous amount of theoretical 

analysis and experiments have studied the morphology evolution of a solid surface which was deformed 

by constant loading. 21-23, 28-30 In our experiments, the stress is self-generated and its magnitude varies 

with time. To investigate how the stress affects the surface evolution during deposition interruption, the 

surfaces of Co films at different dissolution periods were characterized in tapping mode by AFM. The 

images of t=0, 20, and 100 seconds are presented in Fig. 4a. All the images have the size of 10×10µm2 

and the pixels of 512×512. The height-height correlation function, ( ) ( ) ( )[ ]20hrhrH −=
r

, is often used 

to describe the surface morphology in statistics sense. The common scaling hypothesis states that 

( ) α2rrH ∝  for ξ<<r and ( ) 22wrH ∝  for ξ>>r , where ξ  is the correlation length, w  is the surface 

roughness and α  is the roughness exponent. 31, 32 The corresponding height-height correlation function of 

the AFM images in Fig. 2 is calculated along the fast scanning direction by 33  

( ) ( )
( )

( ) ( )[ ]∑ ∑
=

−

=

−+
−

≈=
y x

N

l

mN

nxy

lnzlnmz
mNN

mHrH
1 1

2
,,

1
    (3) 
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where == yx NN  512 , m and n  is integers, ( )lnz ,  is the height of the pixel at position ( )ln, . The 

results are drawn in a log-log plot in Fig. 4b, suggesting that the surface morphology was self-affine and 

all height-height correlation functions had the roughness exponent α . The surface roughness parameters 

w , ξ  and α  can be obtained by fitting the height-height correlation functions to 

( ) ( )( )[ ]αξ 22 exp12 rwrH −−= . It was found that the roughness exponent α  was about 025.07.0 ±  for all 

the images. The surface roughness and correlation length are plotted in Fig. 4c. The surface roughness 

decayed over time. 

          As the growth process of thin films grown by ECD shares many similarities with that by molecular 

beam epitaxy (MBE), one might be able to qualitatively analyze the effect of stress effect on the 

roughening during electrodeposition or electrodissolution using the knowledge of kinetic roughening of 

MBE. The corresponding equation describing the surface roughening under stress is 34  

( )trFhh
t

h
,34 r

ηψζ ++∇+∇−=
∂
∂

,      (4) 

where ψ  is a parameter depending on the elastic energy density of the diffusion species on the surfaces. 

Here, F  represents either the deposition rate or the dissolution rate. From the scaling theory one knows 

that ( ) 24 d−=α  if the first term at the righthand side dominates and ( ) 23 d−=α  if the second term 

dominates. Here, d  is the dimension of the system under study. For thin film growth, one has 2=d  and 

121 ≤≤α . Based on the experimental evidence in Fig. 3, it is reasonable to describe the stress relaxation 

behavior by 

( ) ( ) ( )[ ]
rifi tt τσσσσ −−−+= exp1 ,     (5) 

where rτ  is the characteristic relaxation time, iσ  and fσ  is the initial and final stress states during stress 

relaxation, respectively. Since ( )( ) ( )2tt σσψ ∝ ,  one expects ψ  also varies exponentially with time more 

or less. 

     As shown in Fig. 3, the typical stress relaxation and associated OCP changes have a characteristic 

relaxation time rτ , about 60 s. It is noticed that the roughness parameters did show different behaviors 

before and after 60s. Additionally, the roughness exponent α  in this study is more close to 21 , 

indicating the surface evolution is stress dominated rather than surface diffusion governed. Therefore, 

surface evolution during dissolution is strongly dependent on the stress evolution. 
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 9

     The purpose of introducing Eq. (4) in scaling analysis is to emphasize that stress can not be ignored if 

its magnitude is significant. One thing needs to mention is that the stress measured in experiments is the 

average or overall stress of the whole film while the stress in Eq. (4) is more relevant to the local stress 

near the surface. 21-23, 28-30 Most of thin films grown by ECD are polycrystalline films. It is well known 

that stress near the groovings (grain boundaries) is dramatically different from that near the top of the 

mounds on the film surfaces, which makes it very challenging to make quantitative analysis and 

discussions. Additionally, a second order derivative term h2∇χ  should also be introduced to represent 

the laplacian fields, such as the electrical field  for certain cases. 35   

     Additives have been commonly used to improve the surface quality of the films grown by ECD. 

Adding the supporting electrolyte not only changes the double layer structure of solid-liquid interface but 

also changes the diffusivity of the metallic ions. It is well known that anions like Cl- can form adsorption 

layer on metal surfaces, such as Cu(111), Pt(111) and Au(111). Although there is no available literature 

about whether and how the Cl- are adsorbed on Co(111), it is suspected there is great chance that the 

adsorption of those ions on Co surface also occurs. 36 

To investigate whether the irreversible stress relaxation still occurs in the presence of the additives, 

the stress evolutions of CoSO4 with the addition of different amount of NaCl were characterized. In Fig. 5, 

Stress evolutions at deposition rate of 0.7 Å/s (equivalent to 0.2mA/cm2) are shown for 0.05mol/l CoSO4 

with addition of 0.01 and 0.1 mol/l NaCl. In comparison to the cases without additives (Fig. 2 and 3), the 

magnitude of the stress relaxation was negligible. It has been reported that the presence of small anions 

resulted in reduced grain size in Copper film depositions. 36 We suspect that similar mechanism may 

operate in Cobalt film depositions here. In fact, AFM images showed that Cobalt deposition with Cl- 

displayed islands with 35nm in height and 1 µm2 base whereas the deposition in the absence of Cl- 

produced islands with similar height but 0.2 µm2 base (Fig. 6). This suggests that the addition of Cl- 

results in flatter grains. As a result, the surface of Cobalt films becomes much smoother and has less pin-

holes, which minimizes the irreversible stress relaxation due to dissolution. The reduced height/base ratio 

presumably leads to earlier island-coalescence and smaller critical film thickness where films become 

continuous. This is supported by the facts that tensile stress peaks had lower magnitude and occurred 

earlier with the addition of Cl- (Fig. 5) than those in the absence of Cl- (Fig 2.) at the same deposition rate 

since the amount of tensile stress is proportional to the height of grain before the formation of continuous 

film. 37, 38 Additionally, we did not find pin-holes in the SEM images of the Cobalt films deposited with 
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the addition of Cl-. Therefore, smaller anions, such as Cl-, are able to protect the films from dissolution 

(or corrosion attack) and maintain the growth stress. 

           

5. Conclusions 

  In situ stress measurements were performed for Co electrochemical deposition on amorphous 

substrates with and without supporting electrolyte. Unlike the stress relaxation of perfect cobalt film, the 

relaxation of cobalt film with surface defects (such as pin-holes) displayed irreversible characters. 

Additionally, the irreversible stress relaxation was accompanied by mass lost and open circuit potential 

change, supporting the dissolution mechanism. Scaling analysis of the morphology evolution suggested 

that the local stress is one of the primary driving forces for the dissolution. Additives containing Cl- 

silenced the stress relaxation by improving the smoothness of film surface. Taken together, the surface 

imperfections are required and the intrinsic stress inside films is necessary for the dissolution induced 

irreversible stress relaxation to occur during deposition interruption. The mechanisms revealed for Co 

deposition under constant current condition might be used for other systems. 
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Figure Caption 

 

Figure 1. Cantilever technique for the stress measurement for thin films grown by electrochemical 

deposition. 

 

Figure 2. Typical stress evolution during thin film growth under constant current condition: (a) A scheme 

graph of a reversible stress relaxation during the interruption of film growth, exhibiting an exponent 

relaxation and displaying a concave down shape after the film deposition is resumed. The stresses (slopes 

indicated by the triangles) before and after interruption are the same if deposition rate is maintained the 

same; (b) An irreversible stress relaxation observed in experiment showed a concave up shape after the 

resumption of deposition (for comparison, a dotted line with a concave down shape is shown). The inset 

is the full curve observed in experiment, displaying an exponential-like relaxation; (c) Pin-holes (black 

dots) was observed on the cobalt film surface by SEM. 

 

Figure 3. Stress•thickness transients and open circuit potential transients during interruption of Co 

electrochemical deposition with deposition rate of 0.7 Å/s (or equivalently 0.2 mA/cm2 current) and 

different instantaneous stress: (a) 26MPa; (b) 58MPa in 0.05mol/l CoSO4 (pH~4.4). Mass change and 

associated open circuit potential transient relative to saturated hydrogen electrode (SHE) are shown in (c).  

 

Figure 4. The surface morphology change of Co thin film during dissolution: (a) AFM images of the 

surface morphology of Co thin films at different relaxation time t=0, 20, and 100 s. All the images have 

the same size of 10×10µm2; (b) The height-height correlation functions H as a function of the distance r 

is plotted for the AFM images in (a). H and r have the dimension of nm2 and nm, respectively; (c) The 

roughness w and correlation length ξ  for AFM images in (a). The concentration of CoSO4 was 0.05mol/l. 

 

Figure 5. Stress evolution of films deposited in the solution of 0.05mol/l CoSO4 with 0.01 mol/l (a) and 

1.0 mol/l (b) NaCl at deposition rate of 0.7 Å/s (or equivalently 0.2 mA/cm2 current). The interruption 

periods are indicated by arrows. 

 

Page 13 of 21 RSC Advances

R
S

C
A

dv
an

ce
s

A
cc

ep
te

d
M

an
us

cr
ip

t



 14

Figure 6. AFM images of Cobalt deposition at the deposition rate of 0.7 Å/s (or equivalently 0.2 mA/cm2 

current) in 0.05mol/l CoSO4 without (a) and with (b) 0.01 mol/l NaCl at a duration of 50 s. The grain 

height in both (a) and (b) is about 35nm. 
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Cantilever technique for the stress measurement for thin films grown by electrochemical deposition.  
26x14mm (300 x 300 DPI)  
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Typical stress evolution during thin film growth under constant current condition: (a) A scheme graph of a 
reversible stress relaxation during the interruption of film growth, exhibiting an exponent relaxation and 

displaying a concave down shape after the film deposition is resumed. The stresses (slopes indicated by the 

triangles) before and after interruption are the same if deposition rate is maintained the same; (b) An 
irreversible stress relaxation observed in experiment showed a concave up shape after the resumption of 
deposition (for comparison, a dotted line with a concave down shape is shown). The inset is the full curve 
observed in experiment, displaying an exponential-like relaxation; (c) Pin-holes (black dots) was observed 

on the cobalt film surface by SEM.  
66x139mm (300 x 300 DPI)  
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Stress•thickness transients and open circuit potential transients during interruption of Co electrochemical 
deposition with deposition rate of 0.7 Å/s (or equivalently 0.2 mA/cm2 current) and different instantaneous 

stress: (a) 26MPa; (b) 58MPa in 0.05mol/l CoSO4 (pH~4.4). Mass change and associated open circuit 
potential transient relative to saturated hydrogen electrode (SHE) are shown in (c).  

62x123mm (300 x 300 DPI)  
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The surface morphology change of Co thin film during dissolution: (a) AFM images of the surface 
morphology of Co thin films at different relaxation time t=0, 20, and 100 s. All the images have the same 

size of 10×10µm2; (b) The height-height correlation functions H as a function of the distance r is plotted for 
the AFM images in (a). H and r have the dimension of nm2 and nm, respectively; (c) The roughness  and 

correlation length   for AFM images in (a). The concentration of CoSO4 was 0.05mol/l.  
79x74mm (300 x 300 DPI)  
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Stress evolution of films deposited in the solution of 0.05mol/l CoSO4 with 0.01 mol/l (a) and 1.0 mol/l (b) 
NaCl at deposition rate of 0.7 Å/s (or equivalently 0.2 mA/cm2 current). The interruption periods are 

indicated by arrows.  
50x84mm (300 x 300 DPI)  
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AFM images of Cobalt deposition at the deposition rate of 0.7 Å/s (or equivalently 0.2 mA/cm2 current) in 
0.05mol/l CoSO4 without (a) and with (b) 0.01 mol/l NaCl at a duration of 50 s. The grain height in both (a) 

and (b) is about 35nm.  
51x84mm (300 x 300 DPI)  

 
 

Page 20 of 21RSC Advances

R
S

C
A

dv
an

ce
s

A
cc

ep
te

d
M

an
us

cr
ip

t



  

 

 

Unlike the stress relaxation of perfect cobalt film (the dotted cure), the relaxation of cobalt film with surface 
imperfections (such as black pin-holes in above insert) displayed irreversible characters and was suggested 
to be the result of cobalt dissolution in electrolytes, which could be eliminated by additives such as Cl-.  

24x18mm (300 x 300 DPI)  
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