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Packaging applications in the semiconductor industry rely on electrodepositing metals into high 

aspect ratio (HAR) vias without the formation of any defects or voids. The process and economic 

efficiency of conventional methodologies are limited by the abil ity to achieve high deposition 

rates along with uniformity of the deposited metal layer. In this work, a contactless and scalable 

electrodeposition technique has been developed to deposit metallic nickel onto p-doped silicon 

wafers. The effect of various process variables such as deposition and etchant solution 

composition and concentration, solution temperature and stirring on nickel deposition rates have 

been investigated. The importance of backside silicon oxidation and subsequent oxide etching 

on kinetics of nickel deposition on frontside silicon has been highlighted.        

 

1. Introduction 

Electrodeposition is the most common industrial technique for 
forming “back end of line” (BEOL) electrical connections for 
integrated circuits as well as for filling of through silicon vias 
(TSVs) in 3D packaging [ 1 , 2 , 3 , 4 ]. In conventional 
electrodeposition systems, ions in solution (e.g. Cu2+, Ni2+) are 
reduced to metallic form by an applied current through a cathode. 
The circuit is completed by means of using a sacrificial anode 

which is typically made of the same metal that is being deposited 
and dissolves proportionally as metal is deposited. Metal 
deposits into patterned recesses on a wafer surface to create an 
array of electrical interconnections. Electrodeposition replaced 
blanket deposition and patterning techniques that were used for 
metallization when aluminium was prominent before 1998 [5]. 
Copper is currently the most common metal in back end 
metallization. However, copper must be isolated from bulk 
silicon and dielectric materials by a diffusion barrier to prevent 

poisoning [6]. Semiconductor grade silicon is so sensitive to 
copper poisoning that nearly all fabrication centers have non-
copper dedicated areas in which nothing that has contacted 
copper is permitted. Nickel has a lower conductivity than copper, 
but does not require a diffusion barrier to prevent poisoning of 
the substrate and exhibits a similar electroplating efficiency [7]. 
In this publication, a recently developed contactless 
electrodeposition technique [8] is used to deposit bulk metallic 

nickel and accompanying factors that affect the rate of deposition 
are discussed. 
Conventional methods of depositing nickel include the use of 
acidic solutions containing either sulfates or chlorides of nickel 
[7, 9, 10, 11, 12, 13]. Nickel is known to deposit by the following 
mechanism as shown in Table 1 (where X-/2- denotes OH-, SO4

2- 

or Cl-), where nickel (in the form of a complex) is adsorbed onto 
the surface and eventually undergoes reduction [13]. From Tafel 

characterization, the deposition reaction has been observed to 
occur by transfer of two electrons (slope = 120 mV/decade), 
justifying the reaction mechanism. Other accompanying 
reactions (hydrogen evolution) may occur depending on the 
applied potential. 
 
Table 1: Possible reaction schemes during Ni electrodeposition 
process [14, 15, 16, 17] 

Nickel Electrodeposition 

Ni2+ + X-  NiX+ 

NiX+ + e-  NiXads 

NiXads + e-  Ni + X- 

Hydrogen evolution reaction  

H+ + e-  Hads 

Hads + H+ + e-  H2 

2Hads  H2 

 Nickel hydroxide 
precipitation 

Ni2+ + 2 OH-  Ni (OH)2  

Water oxidation 

2H2O  O2 + 4H+ + 4e- 

2H2O  H2O2 + 2H+ + 2e- 

 
Factors that affect the efficiency of the process such as stirring, 
occurrence of secondary reactions, disparity in bulk and surface 
conditions have been studied over the period of time. Since, the 
process is carried out under acidic conditions (pH ~ 2), the 

possibility of a competing hydrogen evolution reaction (HER) 
also arises. Studies show that reduction of nickel ions occurs at 
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further negative potentials in comparison to electronation of 
protons [9], which makes it critical to lower H+ reduction either 
by reducing the adsorption of protons or by using a deposition 

solution which is relatively less acidic. Reproducibility of nickel 
deposition results has been reported to be the best in the pH range 
of 3.3 to 4.5, because at further lower pH, significant current is 
used up in HER, which lowers the current efficiency. As the H+ 
at the surface is consumed, a concentration gradient is developed 
between the surface and bulk, which results in an increase in the 
surface pH [18]. Researchers have proposed the use of boric acid 
to subdue the HER as well the localized pH variation [ 19 ]. 

Uniformity of the deposited nickel is expected to improve in the 
presence of stirring as it ensures uniform concentration of H+ in 
the vicinity of the wafer.   
With hydrofluoric acid as the silicon dioxide etching agent in 
their contactless bottom-up electrodeposition process for copper, 
Patterson et al. described an increasing resistance with time in 
the system eventually leading to total passivation at the voltage 
limit of their potentiostat [8]. A similar passivation effect has 

been observed by Knotter [20] in his publication on the etching 
mechanism of silicon dioxide, however this was with n-type 
doped silicon. Since the silicon samples used in experiments by 
Patterson et al. were p-type (100) doped it was concluded that 
porous silicon formation, like that seen by Uhlir [ 21 ] in 
germanium and silicon electrochemical etching, was a more 
likely culprit for passivation. In this publication no attempt is 
made to study the increase in resistance as deposition progresses, 
but the effect is mitigated by shortening deposition time, 

increasing potential and current limits, and heating solutions 
during deposition.  
Electrodeposition for metallization is comprised of fairly well 
understood phenomena, however because the contactless 
technique used in this publication requires the continuous 
oxidation of silicon and etching of oxide [22] to complete the 
current circuit, the system is much more complex. Previously 
[8,23], the effect of different solution parameters like temperature, 

copper sulfate concentration and sulfuric acid concentration on 
the deposition of copper were investigated. The emphasis of the 
current work has been on nickel deposition and parameters 
affecting the process. The first part of the paper discusses in 
detail about the process of nickel deposition while the second 
part focusses on the fundamental investigations of the factors 
affecting the rate of deposition. 
 

2. Materials and Methods 

De-ionized (DI) water of 18 MΩ-cm resistivity was used in the 
preparation of solutions and for rinsing of the samples. VLSI 
grade isopropyl alcohol (99%) and hydrofluoric acid (49%) were 
obtained from Honeywell Inc. Hydrochloric acid (36%), sodium 
fluoride (>99%) and boric acid (>99%) were purchased from 

Fisher Scientific Inc. Nickel sulfate hexahydrate (99%) was 
procured from Sigma Aldrich. The samples used for deposition 
were p-type Si (110) wafers (5e14-8e14 B atoms/cm3), with a 5 
nm titanium adhesion layer and a 500 nm nickel seed layer on 
the surface. Nickel plate (99.5%) with dimensions of 50 mm x 
50 mm x 6.35 mm was used as the sacrificial working electrode. 
Platinum mesh (99.9%) of size 50 x 50 mm was used as the 
counter electrode. A power source from B&K Precision 
Corporation (current and potential limit of 5 A and 41 V) was 

used to apply current/potential to the system. 
Prior to the experiments, wafer samples and electrodes were 
cleaned with isopropyl alcohol and 1:100 HCl:H2O (by vol) 
solution for 1 min with each step followed by thorough rinsing 

with DI water. The electrodeposition cell consisted of two 
chambers separated by a silicon wafer with one chamber 
containing aqueous 3 or 49 wt % HF solution or 1 M sodium 

fluoride  solution (pH range 3.0 – 10.2) as silicon dioxide etchant 
solution and the other aqueous 0.9 M NiSO4 and 0.5 M H3BO3 
solution (pH ~ 4.0) as nickel deposition solution. Si in contact 
with the etchant solution undergoes a two-step dissolution, the 
first one being electrochemical oxidation to SiO2 according to 
reaction (R1) and the second one involves chemical etching of 
SiO2 as per reaction (R2). 

 

Si + 2H2O = SiO2 + H2 + 2H+ + 2e-    (R1) 
 

SiO2 + HF = 2H+ + SiF6
2- + H2O              (R2) 
 

The electrons at the silicon/etchant solution interface resulting 
from first reaction are conducted through the bulk of silicon 
wafer to be consumed at the interface between Ni layer and 
aqueous nickel sulfate solution. At this layer interface, Ni ions 

are reduced and deposited on the surface. Nickel sulfate supplies 
the nickel ion source while boric acid supports conductivity and 
dissolution of a sacrificial nickel anode. To maintain overall 
charge neutrality in the etchant solution, H+ reduction occurs on 
a Pt mesh cathode immersed in this solution. Further, as the 
nickel ions are reduced, the deposition solution is depleted of 
positive charges. The nickel ions are replenished through 
dissolution from the nickel anode to which a constant potential 
or current is applied. 

About 200 ml of the deposition and etchant solution were used 
and the effective wafer surface area was about 23 cm2. At the 
beginning of each experiment, a low rate (5 mA/cm2) nickel 
deposition was performed to obtain a uniform nickel layer (~ 1 
µm). Following this, nickel electrodeposition was conducted at 
higher deposition rates and temperatures (~ 65˚C) for a period of 
1 hr. Images of deposited nickel were taken from scanning 
electron microscope (FEI Inspec-S50) to assess the uniformity of 

nickel film. For the experiments designed to determine the effect 
of solution temperature, etchant solution composition and 
concentration, and stirring, the electrodeposition process was run 
at maximum achievable current density for 90 sec, and the 
potential was recorded as a function of time. Surface morphology 
of electrodeposited nickel was characterized by atomic force 
microscopy (Bruker Multimode 8 AFM, PeakForce Mode). Root 
mean square (RMS) surface roughness was computed using 

Bruker NanoScope Analysis 1.5 for each sample. Crystal 
orientation was evaluated by X-ray diffraction measurements 

(PANalytical X’Pert Pro, Cu K) operating at 45 kV and 40 mA 

in the range of 20-100. Mean grain size for each sample was 

calculated using the Scherrer calculator in the PANalytical 
X’Pert Plus software.  
 

3. Equilibrium species concentrations for various 

aqueous fluoride etchants and possible etching 

mechanism 

Equilibrium concentrations of various fluoride species was 
evaluated at different temperatures and compositions of etching 
solution using STABCAL software and the thermodynamic data 
available in literature [24]. The etchants under investigation in 
this work were aqueous solutions of hydrofluoric acid at ~ 1.5 M 
(3% wt.) and ~ 25 M (49% wt.) and sodium fluoride at 1 M. The 

etching behavior of hydrofluoric acid was compared to sodium 
fluoride, which supplies F- but is naturally basic. The pH of the 
sodium fluoride solutions was adjusted in the range of 3.0 – 10.2 
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using HCl acid to vary the concentration of different fluoride 
species that etch silicon dioxide at different rates. The probable 
dissociation/combination reactions occurring in solutions 

containing fluoride species are given below (20,25),  
 

HF = H+ + F- ; K1 = 6.85*10-4 mol/l   (R1) 
 

HF + F- = HF2
-; K2 = 3.963 l/mol   (R2) 

 
2 HF = H2F2; K3 = 2.7 l/mol   (R3) 

 

The release of either nucleophiles HF2
- or H2F2 is known to 

significantly affect the etch rate of SiO2, while HF or F- are not 
particularly critical [26]. The equilibrium constants of R2 and R3 
are greater than 1, indicating that the production of HF2

- and H2F2 

are favored.  

At equilibrium, the concentrations of different dissociated forms 
of fluoride (HF, H2F2, HF2

-, F-) have been plotted as a function 
of the solution pH in Figure 1. At a particular pH (~ 4) and 
solution temperature (25˚C), as the total concentration of F was 
increased from 1 to 25 M (Figure 1 (a) to (c)), the relative 
concentration of the dissociated HF2

- increased by almost two 

times from 40% to about 75%, while the H2F2 concentration was 
a weaker function of this change. This increase in HF2

- 
concentration was due to the buffering effect provided by the 

excess F- ions in the 25 M solution favoring the reaction R2. It is 
clear that the effect of H2F2 becomes increasingly important only 
below a pH of 4, while HF2

- dominates at pH in the range of 3 to 
6. Another important observation here is that as the pH is 
increased beyond 6, all the constituents of the bath dissociate to 
form F-. The importance of higher alkaline pH solutions on oxide 
etching will be discussed in section 4.2. An increase in solution 
temperature from 25 to 50˚C did not realize a notable change in 

concentrations of either of the HF2
- and H2F2 indicating a weak 

dependence of the equilibrium constant on the temperature. 
The mechanism of silicon dioxide etching is still a topic of 
debate. It has been shown, however, by Judge [26] that fluoride 
ions alone are poor etching agents. Kikuyama et al. also 

confirmed that fluoride ions from a highly dissociative salt are 
only a third as effective at etching as hydrofluoric acid of the 
same concentration [27]. The findings of Kikuyama et al. and 
Judge may imply that complexes of fluoride are the major agents 
of silicon dioxide etching. Zhang derived an empirical 
equilibrium equation for HF2

- and H2F2 complexes in solutions 

 
 

Figure 1: Equilibrium concentrations of various fluoride species for different concentrations of total F, (a) 1 M, (b) 1.5 M, (c) 
25 M at 25˚C and (d) 1.5 M at 50˚C 
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of hydrofluoric acid [22].  His equations agree with the trends 
determined by Knotter [20] that prevalence of HF2

- decreases with 
high acidity and basicity, but that a third reaction path involving 

dimers of hydrofluoric acid, H2F2, are only significant at very 
high concentration of HF, and consequently low pH. 
 

4. Results and Discussion 

4.1. Effect of Deposition Bath Composition 

The first step of the study was to evaluate the quality of the 

deposited nickel layer using a standard deposition bath that 
consisted of 0.9 M NiSO4 and 0.5 M H3BO3. As shown in Figure 
2 (a) and (d), a conformal layer of nickel was deposited when a 
current density of about 108 mA/cm2 (~ 2.3 µm/min from 
theoretical calculations versus 2.2 µm/min from mass 
measurements) was applied through the system. On the contrary, 
the uniformity of the metal layer was compromised on increasing 
the current density to about 152 mA/cm2 (3.1 µm/min from 

theoretical calculations versus 3.0 µm/min from mass 
measurements). Figure 2 (e) indicates significant micro-
roughness on the surface, which could be attributed to the 
simultaneous generation of H2 at higher current densities [28]. 
Due to the depletion of H+ in the vicinity of the surface, the pH 

may become relatively higher (>9) at the surface, which 
eventually could lead to the formation of insoluble precipitate 
Ni(OH)2) [29]. The formation of the precipitate could result in 
poor adhesion of subsequent nickel layers deposited and may 
lead to their peeling off causing localized roughness.  
In addition to poor uniformity at higher current transients, 
another issue encountered was significant generation of bubbles 

at the nickel anode. These bubbles were likely oxygen bubbles 
and generated due to oxidation of water under high anodic 
potentials. Secondary reactions can negatively affect the process 

efficiency and bubbles in the solution can stick on surfaces and 
induce non-uniformity in deposition.  In order to resolve this 
issue, the use of chloride ions (Cl-) as an additive was 
investigated, as Cl- is known to increase the ease of dissolution 
of nickel through improved anode corrosion [30]. It was visually 
observed that the generation of bubbles was significantly 
reduced on the addition of 0.2 M Cl- but as can be seen from 
Figure 2 (f), the deposited layer had poor topographical 

characteristics and will not suffice the demands of conformality 
required for deposition in through silicon vias. 

4.2. Microstructural Characterization 

The microstructural properties such as surface roughness, crystal 
orientation and grain size were characterized by AFM and XRD 
measurements. As shown in Figures 3 (a) through (c), the nickel 
film deposited at 108 mA/cm2 from Cl- free Watts solution 
exhibited the best surface uniformity with RMS roughness value 

of 282±22 nm. Increasing of current density from 108 to 152 
mA/cm2 increased the RMS roughness to 402±3 nm. Further, the 
addition of 0.2 M chloride significantly increases the mean 
surface roughness by about 2 times to 803±150 nm. These results 

correlate well to those observed from SEM imaging. 
The effect of chloride ion on the increase in RMS value can be 
explained by two aspects: (1) localized corrosion by Cl- and (2) 
electrolyte diffusion. Although addition of chloride can help 
improve the dissolution of nickel from the anode, it also causes 
localized corrosion on deposited nickel film [ 31 ], leading to 
surface irregularities. The diffusion of Ni ions in the electrolyte 

 
 

Figure 2: SEM images of electrodeposited nickel at 200X (a), (b) and (c) and 1000X (d), (e) and (f). Deposition bath composition 
for (a), (b), (d) and (e) was 0.9 M NiSO4 and 0.5 M H3BO3 and for (c) and (f) was 0.2 M NiCl2, 0.9 M NiSO4 and 0.5 M H3BO3  
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during electrodeposition enhances these surface irregularities 
rather than damp them [32]. During the deposition process, nickel 
ion concentration is higher near the tip of irregularity (caused by 
localized corrosion), where the thickness of the diffusion layer is 
smaller, thereby allowing greater diffusion flux and ultimately 
resulting in higher deposition rates in those areas and preferential 
plating. Thus diffusion can cause more rapid growth of peaks 
than valleys, and increase the surface roughness [33].   

 

 

Figure 4: X-ray diffraction spectrum of nickel films 
electrodeposited at 108 and 152 mA/cm2 using 0.9 M NiSO4 + 
0.5 M H3BO3, and 108 mA/cm2 using Watts bath (0.9 M NiSO4 
+ 0.5 M H3BO3 + 0.2 M NiCl2).  
 
Figure 4 shows the intensity of diffraction peaks for 
electrodeposited nickel films as a function of angle of diffraction 
(2θ). It is evident that both current density and composition of 

the bath have an impact on the crystalline nature/orientation of 
the nickel grains. In the absence of any added Cl-, a distinct peak 
at 76.4˚ pertaining to the (220) plane was observed while Cl- 
containing formulations exhibited a peak at 51.8˚ corresponding 
to the (200) plane. This is an interesting result as it signifies the 
importance of solution formulation on the orientation of the 
deposited metal. In the past, researchers [32,34] have conducted 
morphological characterization of electrodeposited crystalline 

nickel films from Watts bath (NiSO4 + NiCl2 + H3BO3). Under 
an applied current density of 100 mA/cm2, nickel films were 
oriented either in the (111) or (200) plane which is in contrast to 
the results observed with our process. Table 2 compares the 
intensities of (200) and (220) peaks for different current densities 
and chemical formulations. In solutions containing NiSO4 and 
H3BO3, an increase in current density, decreased the relative 
intensity of (220)/(200) peak by about 1.6 times. Nickel film 

texture and orientation are known to depend on the hydrogen 
coverage on the substrate [32]. As the deposition current density 
increases from 108 to 152 mA/cm2, the rate of H2 evolution also 
increases from HER. Since the localized concentration of H2 

 

Figure 3: AFM images of electrodeposited nickel (a), (b) and (c), and surface roughness as a function of current density and 

composition of deposition bath (d). Deposition bath composition, (a) and (b) 0.9 M NiSO4 and 0.5 M H3BO3 and (c) 0.2 M 

NiCl2,  0.9 M NiSO4 and 0.5 M H3BO3. Scan rate: 0.930 Hz. Color scale: 0-6 m. 
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increased, the formation of (200) surface was favored which is 
in agreement with the trends observed in literature [32, 35].  

Mean grain size of deposited films was calculated using the XRD 
data and is tabulated in Table 2. Increasing the current density 
from 108 to 152 mA/cm2 for chloride-free based deposition 
solutions, increased the average grain size slightly from 96 to 105 
nm. The grain formation was a weak function of the applied 
current density, while varying significantly with the added anion. 
In NiSO4 and H3BO3 solutions, the grain size was about 100 nm 

whereas addition of Cl- increased it to greater than 150 nm. These 
numbers are relatively larger than those reported in the literature 
(<50 nm) [32, 36, 37]. In the case of Watts bath as the deposition 
solution, the line width broadening of characteristic peaks in the 
spectrum was not enough for a reliable calculation indicating 
even greater mean grain size (>150 nm) for those samples.  
 

4.3. Effect of solution temperature and concentration of etchant  

The effect of solution temperature was examined by measuring 
the potential between the anode and the cathode required to 
induce maximum current density (within the limits of the power 
supply) at different temperatures of etchant and deposition 
solutions. Both etchant and deposition solutions were heated 
simultaneously. It can be noticed from Figure 5(a) that the effect 
is fairly linear at low solutions concentrations of 3% HF and 1 M 
sodium fluoride. In both of these cases, the potential value 
reached the maximum limit of the power supply and the current 

was monitored. In the case of high concentration of HF (49 %) 
solution, the maximum current density reached the limit of the 
power supply but the potential did not and was measured with 
time. At this HF concentration, the benefit of adding heat was 
less than linear, tapering towards higher temperatures. Current 
can be seen as a representation of reaction rate since current can 
only pass through the system by satisfying reactions on both 
etchant (Si oxidation and SiO2 etching) and deposition (Ni 

deposition) sides. From Arrhenius theory, it is a known fact that 
the reaction kinetics increase with increase in temperature. 
Although sodium fluoride facilitates a lower peak current at all 
temperatures, the effect is seen to be roughly equivalent between 
3% HF and 1 M NaF as the slopes of the curves (current density 
vs temperature) were similar. The similarity of the trends 
suggests that the same mechanism is dominant in both cases 
despite the difference in acidity, ranging from approximately pH 

3 (3% HF) to 10 (1 M NaF). The HF solution provides a better 
silicon dioxide etch rate due to higher concentrations of 
difluoride species than the alkaline pH sodium fluoride solution 
(where F- dominates) allowing faster regeneration of silicon 
surface for its subsequent oxidation.  As temperature increased, 
the necessary potential for said current decreased. The maximum 
achievable current density for any temperature condition was 
higher for 49 % HF compared to 3% HF or 1 M NaF 

reemphasizing the importance of silicon dioxide etching in 
achieving higher nickel deposition rates. In an earlier publication 
on this contactless deposition technique increasing the 

concentration of hydrofluoric acid above 3% did not increase 
current flow at any given overpotential [8]. However in this study 

current was found to increase substantially between 3 and 49% 
HF at all temperatures. The temperatures of solutions as well as 
the deposition solution composition are different for the 
experiments reported in this work, but the doping of the silicon 
substrate and composition of the etching solution are the same.  
At room temperature it can be seen that 49% HF etching solution 
achieves nearly double the current density, 220 mA/cm2 vs 115 

mA/cm2, at about half the potential, 21 V vs 41 V, of the 3% HF 
solution.  The 3% solution benefited more from the addition of 
heat. Heating from 20 to 60˚C reduced the resistance of the 
system by approximately 40%, while the same temperature 
increase in the 49% HF experiment only lowered system 
resistance by about 25%. However, system resistance for 49% 
HF solution at room temp was far less than the resistance for 3% 
even at the highest temperature, 60˚C, showing that the increase 

in hydrofluoric acid concentration does indeed increase current 
capacity of the system at a given potential. This may imply that 
the temperature increase does more to augment etching of silicon 
dioxide, which is a purely chemical process, than oxidation of 
silicon, which is electrochemically promoted. The oxidizing 
agent, water, is in excess in the 3% HF case but of comparable 
concentration to HF in the 49% case. Both 3% HF and NaF had 
a linear response to temperature increase. Therefore it may be 
that at highest concentrations of HF and within the potential 

range of these experiments the oxidation of silicon takes a rate 
limiting role and lowers equilibrium current from linearly 
predicted values.  

 

Table 2: Relative intensity of diffraction peaks with respect to different orientation planes and average grain size 

 

Bath Composition I (mA/cm2) IR (220)/(200) Average grain 
size (nm) 

NiSO4 + H3BO3 108 86.928 96 

NiSO4 + H3BO3 152 52.585 105 

NiSO4 + H3BO3 + Cl- 108 0.005 >150 
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Figure 5: Current density and potential versus temperature 

curves for (a) 3% HF and 1 M NaF as etchant solutions and (b) 
49% HF as etchant solution. Deposition bath composition was 
0.9 M NiSO4 and 0.5 M H3BO3

  

4.4. Effect of Stirring 

The stirring of electrolyte solution is commonly employed to 
maintain the uniform concentration and circumvent the local 
temperature rises in the bath [38]. Here, the experiments were 
designed to understand the importance of mass transfer in each 

of the solutions for the deposition process. Figure 6 shows the 
comparison of current densities with and without stirring for 
either deposition or etchant solution at two different 
temperatures (25 and 45˚C). At room temperature (25˚C), as the 
deposition solution was stirred, there was insignificant increase 
observed in the current density (from 102 (no stirring) to 107 
mA/cm2). This suggests that at lower temperature, the deposition 
solution is reaction rate controlled and an increase in mass 

transfer rate of Ni2+ can hardly improve the deposition rate. As 
the temperature was increased to 45˚C, the stirring process 
increases the current density from 160 (no stirring) to 182 
mA/cm2, showing an obvious change compared to that observed 
at room temperature. This phenomenon indicates that for higher 
temperature, the reaction rate becomes faster according to 
Arrhenius equation, and the diffusion rate is relatively slower 
and cannot transport sufficient Ni ions to keep up with the 
deposition reaction rate at the surface, suggesting that the 

deposition process becomes mass transfer controlled at this 
temperature. 
Stirring of the etchant solution increases the current density from 
102 mA/cm2 to 141 mA/cm2 at room temperature and 160 
mA/cm2 to 196 mA/cm2 at 45˚C, and achieves much greater 
system current density, than that with stirring of deposition 
solution. At a particular temperature, mechanical stirring 
enhances the total flux of reactants and increases the availability 

of water molecules for silicon oxidation or fluoride species for 
silicon dioxide etching. Based on these results, it is clear that 
oxidation and etching reactions, not the metal diffusion, control 
the overall current density for Ni deposition rates. 

 
Figure 6. Effect of stirring of deposition or etching solution on 
current density at two different solution temperatures (0.9 M 
nickel sulfate with 0.5 M boric acid as deposition solution and 
3% HF as etchant solution)  

4.5. Effect of etchant composition 

Fluoride based (HF, buffered HF) or alkaline (KOH, NaOH) 
solutions have widely been used in the semiconductor industry 
for etching of SiO2 as they form soluble complexes. The 
mechanisms of these chemistries are well explained in literature 
but there is a lack of understanding of the effect of salt solutions 
(eg. NaF, NH4F) on oxide etching. Previously, it has been shown 
that HF2

- is critical for SiO2 etching at pH below 7 [26]. We 

investigate the effect of different fluorine species on oxide etch 
rate through measurement of maximum achievable current 
density in sodium fluoride solution of varying pH at room 
temperature. When 1 M NaF solution (natural pH ~ 10) was used 
as the etchant, a maximum current density of about 90 mA/cm2 
was achieved (Figure 7). The dissolution of oxide at this alkaline 
pH occurs mainly due to the reaction with OH- present at a 
concentration of ~0.1 mM. All of the fluoride species is expected 

to be present in the form of F- at a pH of 10. As the solution was 
acidified to a pH of about 6.2, by adding HCl, the current density 
remained almost constant. It is unclear as to why the current 
density does not change with decrease in pH even though the OH- 
concentration decreases to 10-8 M and concentration of F- is 
unchanged. Beyond this point, even a slight decrease in pH (to 
6.0) increased the current density from 90 to 130 mA/cm2. This 
sharp increase in the current density was attributed to the onset 
of generation of HF2

-, which, although low (Figure 1 (a)) in 

concentration, seems to be critical. Further lowering of the pH to 
about 3.0 achieved a maximum current density of about 220 
mA/cm2. Judge reports that the etch rate of SiO2 in NH4F 
solutions varies as a function of HF2

- or HF concentration which 
in turn depends on the solution pH [26]. Maximum etch rate (0.2 
nm/s) of SiO2 was observed at a pH of ~3 and attributed to the 
greater concentration of HF2

-. It was shown that both etch rate 
and [HF2

-] drop by about 4 times as the pH increases from 3 to 

~4.5. From our equilibrium calculation results displayed in Figure 1, 
it can be noticed that at solution pH of 3, concentrations of HF2

- and 
H2F2 were significant higher compared to those at pH 6. This implies 
that the presence of difluoride species is critical for achieving higher 
oxide etch rates, which results in higher maximum current density and 
therefore greater metal deposition rates in our process.   
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Figure 7: Effect of pH of sodium fluoride solution (1 M) on 

maximum current density  

5. Conclusions 

We have successfully shown that using a contactless technique, 

a conformal deposition of nickel at rates as high as 2.3 µm/min 
can be achieved. Increasing the deposition rates (to 3.1 µm/min) 
or addition of Cl- to the NiSO4/H3BO3 deposition bath adversely 
affected the topographical characteristics of the Ni surface. 
Investigations of microstructural properties of Ni films deposited 
using chloride-free solutions revealed higher surface roughness 
(>200 nm), larger grain size (~100 nm) and crystal orientation 
favoring the (220) plane. Therefore, solution variables such as 
temperature and agitation of electrolyte along with current 

pulsing will be examined in the near future to reduce roughness 
and grain size, while maintaining high deposition rates.  
Comparisons of the effect of concentration of the etchant 
solution indicated that solutions with higher total F (49% HF) 
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