
2454

www.advmat.de
www.MaterialsViews.com

C
O

M
M

U
N

IC
A
TI

O
N
  Nanoparticle-Enabled Selective Electrodeposition 
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 Electroplating is a common process used in a wide range of 
industries. For example, electroplated copper and copper-based 
alloys are used in ultralarge-scale integration devices requiring 
multilevel metallization. [  1  ,  2  ]  Electroplating has more recently 
been used in optoelectronic components, such as transparent 
thin-fi lm transistors, fl at panel displays, light-emitting diodes, 
photovoltaic cells, and electrochromic windows, where sub-
strates are typically semiconductors (GaAs) or transparent 
conductive oxides (TCOs, e.g., zinc oxide, indium tin oxide, 
and fl uorine-doped tin oxide). [  3  ,  4  ]  However, metallization 
directly on glass and other low-roughness ceramics is diffi -
cult because the smooth interface does not provide opportuni-
ties to interlock at the interface between the substrate and the 
materials to be plated. [  5  ]  Accordingly, prior to electroplating, 
etching is commonly used to increase surface roughness, fol-
lowed by sputtering a thin adhesive layer (such as titanium) to 
improve adhesion. For electroplating metallization, the key is 
the nucleation process, which is determined by the formation 
energy, excess energy, and internal strain energy. [  6–9  ]  In gen-
eral, a smooth and hydrophobic semiconductor surface, such as 
silicon, gallium arsenide, or transparent conductive glass, has 
low surface energy and poor wettability, leading to a relatively 
high excess energy for electroplating nucleation. As a conse-
quence, scattered and irregular grains grow on a small number 
of nucleation sites, causing poor interface adhesion and large 
surface roughness. Strain energy, originating from the different 
atomic arrangement of the two adjacent layers, increases with 
increasing fi lm thickness and can sometimes cause the fi lm to 
spontaneously peel off. 

 In many applications, it is relatively common to electroplate 
metal over an entire surface of a base conductor even though 
only small areas of the metal are needed on the surface. The 
use of electroplating in this context typically consists of a pat-
terning process followed by a metallization process. Photo-
lithography is the most popular method to create such patterns 
where a photoresist is used as the patterning layer. [  10  ,  11  ]  The 
metallization process typically consists of sputtering, elec-
troplating, and chemical mechanical polishing. Metal is fi rst 
sputtered onto the patterned regions, which improves both the 
adhesion and electrical conductivity of the primary structure, 
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particularly for smooth semiconductor surfaces. Electroplating 
is then used to construct the primary structure followed by 
chemical mechanical polishing to remove any surplus metal, 
planarizing the entire surface. Then, the photoresist from the 
patterning process is removed. For material savings, the use of 
the selective electroplating has been recognized for years. Prior 
techniques, such as doping patterns on the substrate or a high-
speed electrolyte jet system, that were developed for selective 
electroplating aim to reduce the quantities of metal used, but 
require costly specialized equipment and result in reduced pro-
duction rates. [  12–14  ]  

 This paper reports a method to overcome the diffi culties of 
electroplating on low-surface-energy substrates by using immo-
bilized platinum nanoparticles that strongly adhere to the sub-
strate to serve as nucleation sites. A wide array of nanoparticle 
materials can also be used. The effectiveness of the approach is 
demonstrated on TCO substrates for which conventional elec-
troposition leads to weak bonding between the metal and the 
substrates. We discovered that these nanoparticle seed layers 
also open up a voltage range so that metals can be selectively 
deposited onto the nanoparticle-seeded regions only, thus 
providing new routes for selective area deposition. The sub-
micrometer metallic pattern can be selectively electroplated 
onto the predetermined nanoparticle area, which is demon-
strated with the aid of patterned areas by a nanosphere lithog-
raphy technique.   

 Figure 1  A shows a cathodic wave from cyclic voltammetry 
for nickel on fl uorine-doped tin oxide (FTO) with and without 
platinum nanoparticles. A Gamry PCI4/300 potentistat/gal-
vanostat was used in the electrochemical measurement in a 
standard three-electrode system with a platinum mesh as the 
counter electrode and a saturated calomel electrode (SCE) as 
the reference electrode. As shown, the current–potential curve 
of nickel on FTO glass pretreated with nanoparticles became 
less negative than the blank surface. A similar trend can be 
observed in electroplated copper, tin, and gold, as shown in 
Figure  1 B–D. As shown, electrodeposition on a nanoparticle-
pretreated surface all occurs at a less negative potential. Nickel 
electrodeposition onto a bulk platinum surface requires a less 
negative onset potential (–0.75 V) (Figure  1 A) compared to the 
blank FTO surface (–1.0 V), which indicates that atomic clus-
ters bond more strongly on platinum. Furthermore, nickel 
deposited on platinum nanoparticles have a less negative onset 
potential (–0.53 V) than that on a bulk platinum surface. This is 
because nanosized platinum particles have high surface energy, 
and thus serve as nucleation sites for atomic clusters to prefer-
entially deposit on them to reduce the total surface energy. [  15  ,  16  ]  
The deposited atoms will be more strongly bound to the nano-
particles, which were strongly immobilized onto the substrate, 
leading to stronger adhesion. Pull-off adhesion tests for electro-
plated metals (nickel, copper, tin, and gold) on FTO glass with 
the nanoparticle treatment showed that no coating was stripped 
mbH & Co. KGaA, Weinheim Adv. Mater. 2011, 23, 2454–2459
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      Figure  1 .     Cathodic waves of cyclic voltammetry for A) nickel, B) copper, C) tin, and D) gold electroplated on FTO with and without platinum nanopar-
ticles. Chronoamperograms of electroplating E) nickel under operating voltage of –0.8 V and F) tin under operating voltage of –0.4 V.  
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off by 3M fl atback Mmsking tape 250 (ASTM D3359). In con-
trast, without nanoparticle treatment, almost all of the coating 
on the blank FTO glass was removed (see Supporting Informa-
tion Figure S1).  

 As shown in the inset of Figure  1 A, it opens an operation 
window for selective electroplating where only areas seeded with 
nanoparticles will be electroplated (See Supporting Information 
Figure S2). For example, the nickel electroplated on blank FTO 
surfaces requires a larger onset potential of  E  onset   =   − 1.0 V to ini-
tiate deposition when compared to the FTO surface with nano-
particle treatment ( E  onset   =   − 0.53 V). The chronoamperograms 
© 2011 WILEY-VCH Verlag GAdv. Mater. 2011, 23, 2454–2459
in Figure  1 E show the current response to the optimum oper-
ating voltage at –0.8 V for electroplating nickel on FTO with and 
without platinum nanoparticle treatment. The average rate of 
electroplating nickel on FTO with the Pt nanoparticle treatment 
was about 0.2  μ m min  − 1  (as measured by a profi lometer) while 
almost no faradic current could be detected for electroplating 
on blank FTO, which verifi es the above-mentioned mechanism. 
Consistent results can be seen in the chronoamperograms for 
electroplated tin under operating voltage of –0.4 V (Figure  1 F) 
(Supporting Information Figure S3). Additionally, the gray 
circles curve of Figure  1 D corresponds to gold deposited onto 
2455mbH & Co. KGaA, Weinheim wileyonlinelibrary.com
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      Figure  2 .     SEM images of nickel electroplated 0, 5, 15, and 30 s on a blank FTO surface (A–D), on a FTO surface pretreated by platinum nanoparticles 
(E–H), and on a FTO surface covered with 20% diluted platinum nanoparticles (I–L).  
nickel, which was originally electroplated on the nanoparticle 
regions. As seen, it also becomes more positive compared with 
electroplated gold on blank FTO, thus creating a second opera-
tion window for the selective electroplating of gold. The reason 
could be that better wettability on electroplated nickel results in 
a lower excess energy for electroplating. [  6  ,  8  ]  Thus, theoretically, 
a double-layer structure can also be achieved by this method. 

   Figures 2  A – D are scanning electron microscopy (SEM) 
images of 100-nm electroplated nickel on blank FTO at 0, 5, 
15, and 30 s. Generally, for smooth semiconductor surfaces, 
the excess free energy of nucleation taking into account new 
© 2011 WILEY-VCH Verlag Gwileyonlinelibrary.com
phases being generated from the bulk phase is rather high. 
Thus, the early stage of the electrochemical phase transforma-
tion corresponds to an instantaneous nucleation model, where 
the growth of nuclei on a small number of active sites, such 
as atomic step, grain edge, crystal defects, and impurities, 
occurs in a very short time period. These nucleation sites grow 
into islands and then coalesce (Volmer–Weber growth). [  15  ,  17  ]  
Island growth during electroplating nucleation is usually not 
desirable for technological applications due to its poor adhe-
sion and non-uniform deposition. As seen, the uneven and 
random distribution of a few active sites would cause irregular 
mbH & Co. KGaA, Weinheim Adv. Mater. 2011, 23, 2454–2459
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      Figure  3 .     AFM images of A) a blank FTO surface and 100-nm nickel elec-
troplated on FTO surface B) without and C) with Pt nanoparticle treat-
ment. The AFM scan size was 10  μ m and the scan rate was 1 Hz. The 
 Z -axes for the height are 1  μ m per div and  X -axes are 2  μ m per div. RMS 
is the root mean square of the roughness.  
grain size to increase fi lm roughness. Uneven grain growth 
also leads to stacking faults, increasing fi lm stress and strain 
due to a mismatch in the lattice spacing. Therefore, the poor 
adhesion can be understood by weak interface contact and 
large strain and stress in the electroplated fi lm. Figure  2 E–H 
show electroplating nickel at 0, 5, 15, and 30 s on a FTO sur-
face pretreated with platinum nanoparticles. When operating 
within the optimum range for selective electroplating, all nickel 
atoms nucleated and grew onto nanoparticles. A conformable 
nickel fi lm with a uniform grain size on average of 30 nm can 
be achieved. Within the process window for selective electro-
plating, it is also possible to control the grain size by the den-
sity of nanoparticles. To show this, we diluted the nanoparticle 
solution to 20% to reduce the number of nanoparticles on the 
FTO surface. Figure  2 I–L show electroplated nickel at 0, 5, 15, 
and 30 s on a FTO surface with a reduced number of platinum 
nanoparticles. Again, all nickel atoms were electroplated onto 
a small number of nanoparticles in order to minimize the 
surface energy and then coalesced until a grain structure was 
formed with an average size of 75 nm.  Figure    3   is an atomic 
force microscopy (AFM) image of 100-nm nickel on blank FTO 
glass. The root mean square of roughness increases over two-
fold after electroplating nickel (Figure  3 A,B). Figure  3 C shows 
the AFM image of electroplated nickel on FTO glass with the 
nanoparticle treatment. Its root mean square of roughness is 
almost the same as the blank substrate because the nanopar-
ticle monolayer serves as an even nucleation layer. In summary, 
the method of immobilizing nanoparticles onto the substrate 
provides a good adhesive nucleated layer to produce a reliable 
and uniform electroplated fi lm.   

 As mentioned above, a patterned structure can be achieved 
by patterning the immobilized nanoparticle on the substrate. 
The nanoparticle pattern can be defi ned using many processes, 
including photolithography, screen printing, inkjet technology, 
microcontact stamp printing, dip-pen nanolithography, and 
electrochemical imprinting. [  18  ,  19  ]  To demonstrate the principle, a 
low-cost patterning technique based on self-assembled polysty-
rene microspheres was chosen here to prepare highly ordered 
dot arrays. [  20–22  ]   Figure    4   is a process fl ow diagram detailing the 
creation of a patterned metallic layer on a substrate. The related 
processing conditions are given in the Experimental Section.    
2457© 2011 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim wileyonlinelibrary.comAdv. Mater. 2011, 23, 2454–2459

      Figure  4 .     The sequence of steps for selective electroplating a patterned metallic layer on a substrate. A) A monolayer of polystyrene microspheres 
on a FTO surface. B) Inductively coupled plasma reactive ion etching (ICP-RIE) with oxygen. C) Electron beam evaporation of a 150-nm Cu layer as a 
sacrifi ced mask. D) Polystyrene spheres are removed, leaving holes at the original position of the spheres. E) Immersion into a 1% ML-371 at 45  ° C 
for 5 min. F) Immersion into a solution of polyvinylpyrrolidone (PVP)-capped Pt nanoclusters suspended at room temperature for 5 min and then 
annealed at 250  ° C for 15 min. G) Metallization at an operation window for selectively electroplating.  
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      Figure  5 .     SEM images of A) a continuous Cu network and opening holes 
on FTO surface after removing the spheres; B) self-assembly patterned 
arrays of platinum nanoparticles, electroplated nickel at operating voltage 
of –0.8 V for C) 15 s and D) 60 s; and E) a zoomed-out image of the nickel 
dots on FTO surface. F) AFM image of nickel dots on a FTO surface. The 
inset shows the corresponding line scan.  
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 Figure 5  A shows SEM images of the opening holes in a 
range of 500 to 700 nm. Nanoparticle dot patterns can be gen-
erated on the substrate after immersion into a nanoparticle 
solution and annealing treatment, as shown in Figure  5 B. The 
nickel is then electroplated at an operating voltage of –0.8 V 
for 15 s (Figure  5 C) and 60 s (Figure  5 D) to yield metal islands 
on predetermined nanoparticle areas. As shown in Figure  5 E, 
nickel dot arrays have an average diameter of 600 nm and are 
spaced 1  μ m apart. Figure  5 F shows an AFM image and a cor-
responding line scan of a pattern, which demonstrates that the 
feature of metal dots in the thickness of 200 nm has been devel-
oped cleanly on FTO surface.  

 In summary, we invented an electrodeposition process using 
nanoparticles as seed layers. The nanoparticle monolayer not 
only provides a good adhesive layer but also an even nuclea-
tion site for electroplating to achieve improved adhesion and 
uniformity. The electroplated fi lm is smooth and may not 
require chemical mechanical polishing afterward. The control 
of the grain size is also achievable by this new method and will 
be of fundamental interest for studying the characteristics of 
electrodeposition. The nanoparticle seed layer also opens up 
a voltage window for selective area deposition into the region 
seeded with nanoparticles only. Nanoparticle deposition onto 
selected regions can be done via many established methods, 
such as lithography, microcontact stamp printing, and dip-pen 
nanolithography. Thus, the process would be applicable in the 
manufacturing of various micro- and nanostructures. We dem-
onstrate this potential using nanosphere lithography. 
8 © 2011 WILEY-VCH Verlag Gwileyonlinelibrary.com
  Experimental Section 
  Process of Seeding Nanoparticles : The experiments were carried 

out using an electroplated metal (nickel, copper, tin, or gold) on FTO 
with and without the platinum-nanoparticle treatment. Here, platinum 
nanoparticles were chosen because platinum is an inert metal and its 
suspension is readily prepared without additional purifi cation. [  23  ,  24  ]  
Although we only use platinum nanoparticles in this work, a wide 
array of nanoparticle materials can also be used. FTO glass, 1 cm 2  
square and 2 mm thick, have a sheet resistance of 10  Ω   �   − 1 , resistivity 
of 350  μ Ω cm, a band ap of 3.8 eV, and optical transmission of 90%. 
Before nanoparticle deposition and electroplating, the FTO glass was 
immersed in a 2% PK-LCG545 (Parker Corp.) at 50  ° C for 5 min with 
sonication to clean the surface. A platinum nanoparticle monolayer 
was deposited onto a FTO surface by immersion into a 1% surface 
conditioner (2-(2-aminoethylamino) ethanol, AEEA) at 45  ° C for 5 min 
and then a solution of PVP-capped Pt nanoclusters suspension at room 
temperature for 5 min. [  25  ,  26  ]  The pretreated surface was then annealed 
at 250  ° C for 10 min under ambient conditions in order to sinter the 
platinum nanoparticles and burn the protective PVP polymer away. Nickel 
was then electroplated onto the pretreated surface within an optimum 
range of the operating voltage from a commercial electrolyte at 53  ° C. 
These processes were then reproduced on electroplated copper, tin, and 
gold at room temperature. It should be noted that insuffi cient annealing 
time caused poor bonding between the nanoparticles and the substrate 
leading to poor adhesion (Supporting Information Figure S4). 

  Fabrication of Self-Aligned Platinum Nanoparticle Patterns : The 
process is shown in Figure  4 . A self-assembled monolayer of 1.5- μ m 
polystyrene microspheres on an aqueous surface was transferred onto 
the FTO surface. [  21  ]  The diameters of the polystyrene beads were tailored 
by ICP-RIE with 50 sccm oxygen and 5 sccm tetrafl uoromethane at a 
pressure of 100 mTorr and radio frequency (RF) power of 100 W with a 
480 s etching time. [  22  ]  A 150-nm Cu layer was deposited as a sacrifi ced 
mask by electron beam evaporation at room temperature. The spheres 
were completely removed by ultrasonication in tetrahydrofuran, leaving 
holes at the original position of the spheres. The substrate was immersed 
into a 1% ML-371 at 45  ° C for 5 min and then a solution of PVP-capped 
Pt nanoclusters suspension (pH  =  2.3) at room temperature for 5 min. 
A nanoparticle dot pattern could be self-aligned on FTO surface due to 
the platinum nanoparticles that were adhered by ML-371 surfactant on 
opening holes and the Cu layer was simultaneously dissolved in acid 
PVP-Pt solution. The nanoparticle pattern was then immobilized on the 
substrate via 250  ° C for 15 min annealing. Finally, the desired substance 
could be selectively electroplated onto the predetermined nanoparticle 
area at an operating voltage within the optimum range.   

 Supporting Information 
 Supporting Information is available from the Wiley Online Library or 
from the author.  
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