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We describe the selective metallization by electroless gold deposition on pre-patterned arrays of seed

particles. In the first step, highly selective deposition of seeds (gold nanoparticles) on silicon oxide

surfaces is achieved using pure water. In the second step, employing an electroless seeded growth

process, the isolated nanoparticles are enlarged beyond the percolation threshold to deposit

conducting metal structures. We obtain patterned gold films which exhibit macroscopic conductivity

values approximately a factor of three lower than that of bulk gold. The surface morphology of the

films has been characterized by scanning electron microscopy and spectroscopic ellipsometry. We

discuss the different regimes as observed in morphological, electrical, and optical characterization in

relation to each other. The free electron contribution to the optical spectra is analyzed in terms of the

Drude model. Also, the formation of gold clusters during the growth process in the non-seeded area

is described. VC 2013 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4811229]

I. INTRODUCTION

The stringent demands posed by modern technologies on

ultra-large-scale-integration (ULSI) and microelectro-

mechanical systems (MEMS) require high quality metal wir-

ings. The choice of metal depends strongly on the dimension

and precision in the selectivity of these interconnects to pro-

duce optimal electronic devices. Silver and gold are potential

candidates to replace aluminum and copper in ULSI cir-

cuits.1,2 Despite the fact that silver has the highest electrical

conductivity of all metals, gold with its relatively high melting

point, higher chemical stability, and larger electromigration

resistance may well be a promising choice for ULSI multile-

vel interconnections, especially for sensitive electronic devi-

ces and in high frequency applications to limit signal noise

and loss.3 Furthermore, its good biocompatibility and electro-

chemical stability render it beneficial for application in, for

example, biotransistors and bioelectronic devices.4,5

To fabricate devices for practical applications, one of

the main goals is to achieve a high selectivity of metalliza-

tion. Conventional metallization approaches include sputter-

ing, vacuum evaporation, chemical/physical vapour

deposition,6,7 and electrochemical deposition.8 The require-

ments imposed by vacuum setups, electrical apparatus,

equipment maintenance, use of polluting chemicals for pat-

terning, and waste of metal render these methods relatively

expensive.

As an alternative, electroless metallization is inexpen-

sive, easy in handling, environmental friendly due to the use

of aqueous suspensions under ambient conditions, and well-

developed in terms of metal layer quality. As such, it has

become an attractive deposition technique for the microelec-

tronics and semiconductor industries.9,10 Moreover, using

electroless plating it is possible to deposit a wide range of

metals including noble metals, copper (Co), nickel (Ni), iron

(Fe), and aluminum (Al).

In the electroless growth process a metal is deposited

chemically from a solution which contains a reducing agent

and an ionic metal complex as a precursor for deposition

onto a catalyzed sample surface;11,12 the autocatalytic redox

process does not need an external current supply. Since only

surface areas where the catalyst is present are metallized by

this technique, it provides an ideal approach for selective

metallization.

Prior to employing the electroless plating in this approach

for selective metallization, a sufficiently dense patterning of

catalysts, i.e., seed particles, is required to initiate the electro-

less reaction. Well-documented techniques to produce pat-

terned nanoparticle layers include photolithography,13–15 soft

lithography including microcontact printing,16,17 electron

beam lithography,18,19 dip-pen lithography,20 scanning probe

lithographic approaches,21,22 nanoimprint lithography,23

focused ion beam lithography,24 and laser based patterning

methods.25–27 A special class of patterning methods with the

capability to achieve feature sizes in the low nanometer range

comprise controlled dewetting approaches in which surface

tension-induced instabilities are employed. Ion beam or laser

induced dewetting on prepatterned arrays28,29 and/or on topo-

graphically patterned silicon substrates30,31 has been

described; in the latter, templating is attributed to the local

curvature of the film over the topography. Related to the

aforementioned approaches, a recently developed technique is

referred to as template-confined dewetting.32,33 After deposi-

tion of micropatterned metal arrays, thermal treatment induces

dewetting to form nanoscale metal entities. Overall, despite

their potentially huge impact on nanotechnology, in general,

all the aforementioned approaches pose numerous disadvan-

tages and limitations.

Photolithography, electron and ion beam lithography, as

well as scanning probe lithographic techniques can achievea)Electronic mail: e.s.kooij@utwente.nl

0021-8979/2013/113(23)/233510/10/$30.00 VC 2013 AIP Publishing LLC113, 233510-1

JOURNAL OF APPLIED PHYSICS 113, 233510 (2013)

 Reuse of AIP Publishing content is subject to the terms at: https://publishing.aip.org/authors/rights-and-permissions. Download to IP:  130.89.45.232 On: Tue, 10 May 2016

07:25:49

http://dx.doi.org/10.1063/1.4811229
http://dx.doi.org/10.1063/1.4811229
http://dx.doi.org/10.1063/1.4811229
mailto:e.s.kooij@utwente.nl
http://crossmark.crossref.org/dialog/?doi=10.1063/1.4811229&domain=pdf&date_stamp=2013-06-19


high resolution patterning.22,23,34 However, relatively long

processing times, the waste of materials during etching and

recycling, the cost of fabrication, sophisticated equipment

and maintenance, and the necessity for a cleanroom make

these techniques relatively expensive. In addition, the use of

irradiation and hazardous chemicals for developing resist

films and etching limits their use in patterning nanoparticles

or molecules with organic functionalities, since these chemi-

cals may destroy the organic molecules and biological

entities.20,35–38 Although microcontact printing, which

makes use of an elastomeric stamp, is a versatile, cost effec-

tive, and fast method, diffusion of ink on the substrate

restricts its use for higher resolution patterning.16 Dip-pen li-

thography using an atomic force microscope tip is effective

for nanoscale patterning,21 but due to the relatively low

transfer efficiency, large scale patterning is not trivial.

Recently we have shown that pure water can be

employed to selectively “defunctionalize” (3-mercaptopro-

pyl)trimethoxysilane (MPTMS) coated surfaces, giving rise

to spatial areas where gold nanoparticles do not adsorb during

self-assembled formation of nanoparticle monolayers from

solution.39 A possible mechanism accounting for the

absence of gold nanoparticles on water-treated (WT) areas

was described in terms of a thin adsorbed water layer.

Differences in electronegativities for the different entities

(sulfur, oxygen, and hydrogen) suggest a hydrogen-like

bonding between the water molecules and the thiol groups.

The water layer effectively shields the thiol entities, inhibi-

ting the attachment of gold nanoparticles. We found that this

amazing role of water can be used as a fast, simple, and low

cost tool enabling patterned deposition of nanoparticles on

flat as well as microstructured surfaces.

Here we present the highly selective metallization of

gold on silica substrates in a simple two-step method. As a

first step selective patterning of gold nanoparticles is

achieved by our aforementioned “water treatment”

method.39 In a subsequent step, these predeposited nanopar-

ticles are used as seed particles for gold metallization by

electroless growth. The metallization procedure is similar to

previous work, in which we locally deposited silver by elec-

troless growth on nanoparticle monolayers, which were pat-

terned using microcontact printing.40 Considering that we

use MPTMS as a binding agent for our nanoparticles, which

can also be used for other materials such as silver, copper,

and platinum,41 the method described here can, in principle,

be extended for selective metallization by other materials.

II. EXPERIMENTAL DETAILS

A. Materials and substrate preparation

Hydrogen tetrachloroaurate (HAuCl4, 99.999%), sodium

citrate (Na3C6H5O7, 99%), hydroxylamine (NH2OH, 50%),

and MPTMS (C6H16O3SSi, 97%) were obtained from Aldrich

and used as received without any further purification. All

other chemicals (sulfuric acid 97%, hydrogen peroxide 30%,

2-propanol, methanol, and ethanol) were of analytical grade

from Merck. Water with a resistivity of 18.2 MXcm, purified

in a Milli-Q system, was used for the preparation of aqueous

solutions and for other experimental purposes.

Substrates (1� 1 cm2 pieces) were diced from polished

silicon wafers by scratching the edge of a thin Si(100) wafer

with a diamond scribe on a soft surface. The silicon sub-

strates are covered with a 1:860:1nm native oxide layer (as

measured by spectroscopic ellipsometry). After ultrasonic

cleaning in methanol for 15 min, samples were immersed in

piranha solution (mixture of sulfuric acid and hydrogen per-

oxide H2SO4/H2O2¼ 3:1 (v/v)) for 30 min and rinsed thor-

oughly with purified water and dried in a N2 flow.

The cleaned substrates were functionalized with

MPTMS by immersion in a 12% (v/v) solution in 2-propa-

nol.42 All substrates were immersed in this solution for one

day at room temperature, rinsed with pure propanol, and

annealed at 110 �C for 10 min. The thickness of the MPTMS

self-assembled monolayers (SAM), as determined by ellips-

ometry, was 0:6560:1nm, close to the theoretical value of

the length of MPTMS molecules (0.77 nm).43 To assess the

quality and reproducibility of our MPTMS monolayers, the

water contact angle was measured on the MPTMS treated

substrates by using the sessile drop method under ambient

conditions at room temperature; in all cases the contact angle

amounted to a value of 6062�, which is close to that

reported for highly organized MPTMS SAMs.44

B. Patterned gold nanoparticle deposition

Colloidal gold nanoparticles with a diameter of 50 nm in

suspensions were prepared in two steps. First, 13 nm gold

nanoparticles were prepared, which were then used as seed

particles for enlargement by citrate reduction; details are

given elsewhere.39

Patterned deposition of gold nanoparticles was per-

formed as described in our previous work,39 where we have

described the deactivation of the thiol functionalisation by

the formation of a capping water layers. Briefly, the MPTMS

derivatized samples were locally treated with pure water at

room temperature in open air for a few minutes (typically

1–5 min). In the water-treated areas, the MPTMS layer is

deactivated, and gold nanoparticles do not adsorb on these

specific areas. In the drying process using a N2 flow, most of

the liquid is blown off the surface.

To achieve irreversible adsorption of the gold nanopar-

ticles on MPTMS-coated substrates, the samples were

immersed into the gold colloidal suspensions for 12–15 h

(overnight) at room temperature, followed by thorough rins-

ing with pure water and drying in a N2 flow.

C. Seeded gold growth by electroless plating

The irreversibly adsorbed gold nanoparticles act as

seeds for the electroless deposition of gold. Electroless plat-

ing on patterned seeds was carried out following a previously

reported method.45,46 The aqueous solution of 1 mM HAuCl4
and 1 mM NH2OH in equal ratio (1:1) was prepared under

vigorous agitation (using a magnetic stirrer) to initiate

growth. After a few seconds (10–20 s), the magnetic stirrer

was taken out, and the solution bath was placed on an orbital

shaker before immersing samples with patterned seed par-

ticles in the solution. Electroless metallization was carried

out on the orbital shaker at 100 rpm at room temperature

233510-2 Raza et al. J. Appl. Phys. 113, 233510 (2013)
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(22 �C) for 30 min, at 5 min intervals. After each coating

cycle, substrates were rinsed with pure water and dried in a

N2 flow before immersing them for the next cycle.

D. Surface characterization

The surface morphology of the prepared samples was

assessed by scanning electron microscopy (SEM; HR-LEO

1550 FEF). Typical acceleration voltages of 1–2 keV were

used; such low voltages allow imaging of non-conductive sam-

ples without the necessity of a thin metal coating. The imaging

voltages do not give rise to any discernable modification of the

morphology during the time needed to acquire the images.

Contact angle measurements were performed using the

sessile drop method on a Dataphysics OCA15þ goniometer

under ambient conditions at room temperature. A variable

angle spectroscopic ellipsometer (VASE, J.A. Woollam) was

used to determine the thickness of the applied films, to verify

the presence of gold nanoparticles and to investigate optical

properties after electroless growth cycles. The films were

investigated in the photon energy range 0.8–4.5 eV, at a fixed

incidence angle of 70� with respect to the surface normal.

The macroscopic conductivity of the layers after different

gold metallization cycles was determined by four-point

probe method (Metrology Matheson 4-point measurement)

while the film thickness was assessed using a surface profiler

(Metrology VEECO Dektak 8.0).

III. SELECTIVE METALLIZATION PROCEDURE

In Fig. 1 a schematic representation of the procedure to

achieve highly selective gold metallization is illustrated. In

the first step clean silicon substrates with a thin native oxide

layer are functionalized with MPTMS via the immersion

method, therewith inducing a high affinity for irreversible

deposition of gold nanoparticles. Subsequently, the

MPTMS-derivatized samples are selectively brought into

contact with pure water to defunctionalize the surface. Next,

nanoparticles are deposited by immersing the samples into

citrate-stabilized nanocolloidal gold suspension. This gives

rise to patterned arrays of gold nanoparticles. Up to this

point, the procedure is identical to that described in our pre-

vious work.39

The patterned gold arrays act as seeds to the subsequent

metallization. The patterned substrates are immersed into an

electroless gold plating solution at room temperature on an

orbital shaker for a specific time, typically 5–30 min. In

Fig. 2 photographic images (from a top-view camera) of the

sample at different stages during the procedure are shown.

Water treatment after MPTMS functionalization using mm-

sized droplets (left) is followed by spatially patterned nano-

particle adsorption (middle) after which the samples are

selectively metallized by electroless gold deposition (right).

The surface areas which have been in contact with water can

clearly be identified as circular spots on the sample after

nanoparticle deposition and subsequent gold metallization.

The enhanced contrast after electroless deposition, primarily

due to the higher reflectivity of the gold in the non-WT

regions, arises from the thicker and denser metallic gold

layer after prolonged metallization. Details of the optical

properties will be discussed in Sec. V.

A macroscopic overview of a patterned substrate and

microscopic images of the WT and non-WT regions after

FIG. 2. Top-view images showing a

substrate (a) during water treatment

with droplets of different sizes, (b) af-

ter deposition of gold nanoparticles,

and (c) after electroless metallization.

The colour scheme in different images

does not exactly reflect the true

colours.

FIG. 1. Schematic illustration of the

selective gold metallization. MPTMS

coated substrates are selectively

treated with pure water followed by

gold nanoparticle deposition to obtain

patterned gold arrays, which act as

seeds for subsequent electroless

plating.

233510-3 Raza et al. J. Appl. Phys. 113, 233510 (2013)

 Reuse of AIP Publishing content is subject to the terms at: https://publishing.aip.org/authors/rights-and-permissions. Download to IP:  130.89.45.232 On: Tue, 10 May 2016

07:25:49



adsorption of 50 nm gold nanoparticles are shown in Fig. 3.

The circular spot in the SEM image (bottom left) corre-

sponds to the area of the substrate that was in contact with

the droplet during water treatment. A sharp discontinuity in

contrast clearly separates the WT and non-WT areas. The

darker shade in the centre of the spot arises from charging of

the exposed oxide by electrons. Enlargements are shown for

three different regions corresponding to the non-WT area

(top right), the WT area (bottom right), and the boundary

region (top left).

Close inspection of the boundary separating WT and

non-WT regions, as shown in upper left part of Fig. 3,

reveals that gold nanoparticles are only deposited on the

non-WT surface, while on the WT area attachment of nano-

particles is very effectively inhibited. The latter is also

shown in the enlarged image of the WT region (bottom

right). Surprisingly, not even a single gold particle can be

discerned in this area, substantiating the excellent level of se-

lectivity induced by the water treatment due to effective

defunctionalization of the MPTMS monolayer, as discussed

previously.39

In the untreated area (top right) a homogeneous distribu-

tion of irreversibly deposited nanoparticles is observed. The

exposed thiol groups of the MPTMS molecules induce a

high affinity for gold nanoparticles, which results in the irre-

versible attachment to the surface. Due to stabilization of the

nanoparticle suspension by citrate adsorption, the nanopar-

ticle surface becomes negatively charged. Upon approaching

each other, particles in suspension experience a net repul-

sion. The spatial extent of this repulsive interaction also

gives rise to a minimum interparticle spacing between

adsorbed nanoparticles on the surface.47 In contrast of this

short-ranged organization, there is no long-range interaction

yielding a random spatial distribution, as can be seen in the

SEM image (top right in Fig. 3).

The morphology of pre-patterned samples after seeded

gold growth is shown in Fig. 4. Again, a macroscopic over-

view of the complete circular region, which was treated with

water prior to nanoparticles deposition, is shown together

with enlargements of different regions. In the large scale

image the contrast between WT and non-WT areas is more

pronounced as compared to that before seeded growth

(Fig. 3, bottom left image). The boundary between WT and

non-WT regions (shown in the top left image) appears to be

very sharp, clearly distinguishing between areas where pre-

deposited nanoparticles were present and where they were

absent. Apparently, the gold metallization is also highly

selective, leading to a thick gold film only in the non-WT

section where gold seed particles are present. The morphol-

ogy of the thick metallic layer in the non-WT area, i.e., out-

side the circular spot, is characterized by a large number of

densely packed grains of different sizes.

Owing to the absence of nanoparticles in the WT area

such a metallic layer could not develop (bottom right).

However, within the circular spot, i.e., the WT area, ran-

domly distributed islands of different sizes in the low micro-

meter range can be observed as white spots in the SEM

images. Our initial assumption was that these relatively large

clusters form in solution and subsequently sediment onto the

surface under the influence of gravity. However, changing

the orientation of the substrate during seeded growth, even

upside down, reveals that the clusters are still formed in the

WT regions. Further details on the evolution of the morphol-

ogy with seeded growth time are discussed in Sec. IV.

IV. MORPHOLOGY EVOLUTION DURING SEEDED
GROWTH

The temporal evolution of the morphology of the metal-

lic layer during seeded growth of gold preferentially on the

FIG. 3. SEM images showing the distribution of gold nanoparticles in three

different regions after adsorption: (bottom right) WT area, (top right) non-

WT area, and (top left) the boundary between both regions. The large scale

overview (bottom left) shows the entire circular area, which was in contact

with the water droplet.

FIG. 4. SEM images showing the morphology in three different regions after

electroless deposition for 30 min on the patterned gold nanoparticle arrays:

(top right) non-WT area, (bottom right) WT area, and (top left) the boundary

between both regions. The large scale overview (bottom left) shows the

complete circular area, which was in contact with the water droplet prior to

deposition of nanoparticles.
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immobilized gold nanoparticles is illustrated by the SEM

images in Fig. 5. Electroless deposition times were varied up

to 30 min. Gold ions (Au3þ) are reduced by NH2OH, a pro-

cess catalysed by the pre-deposited gold seed particles. The

images are acquired on the same samples as used for the

electrical conductivity and ellipsometry experiments, which

will be presented in Sec. V. The images in the right column

show the boundary between WT and non-WT regions, while

FIG. 5. SEM images showing the mor-

phology of the samples for different

electroless plating times: panel A

(5 min), panel B (10 min), panel C

(15 min), panel D (20 min), panel E

(25 min), panel F (30 min). The right

column depicts the boundary between

seeded (non-WT) and seedless (WT)

parts, while the middle and left col-

umns show the seeded area, at different

levels of magnification.

233510-5 Raza et al. J. Appl. Phys. 113, 233510 (2013)
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the middle column depicts the development of the metal film

in the non-WT areas. Finally, the left column illustrates mag-

nified views, revealing the polycrystalline nature of the me-

tallic layer.

The effect of the initial electroless plating for 5 min is

demonstrated in panel A of Fig. 5. Reduction of Au3þ ions

by NH2OH seems to occur preferentially on the pre-

deposited spherical seed particles. Individual particles grow

larger in size but also appear to develop into more irregular

shapes. Furthermore, the formation of small islands encapsu-

lating multiple particles is initiated, but the fusion of many

particles is very rare in this phase (left image, panel A). The

island density remains approximately constant, since nuclea-

tion of new entities does not occur; similar results were

described for gold deposition by sputtering on predeposited

palladium islands.48 The sizes of these islands vary from

about 100 nm to 500 nm. Most of the islands, typically 90%-

95%, as well as individual enlarged particles, are still well

separated (middle image), in line with the negligible conduc-

tivity obtained in electrical measurements.

After 10 min of electroless coating (panel B), the exist-

ing islands appear to become progressively larger, and coa-

lescence between the islands occurs frequently. Between the

islands, relatively large gaps are still observed. Due to this

“fusion” of individual metallic entities, there is barely a con-

tinuous connection over long distances across the sample

surface. Nevertheless, the fact that a percolation threshold is

reached is confirmed by the conductivity measurements,

which show small but measureable values. Close examina-

tion of the surface morphology suggests that some crystals

grow faster in height than others (left image, panel B), there-

with enhancing the roughness of the deposited structure.

With progressive fusion of the deposited nanoparticles

after 15 min, the original nanostructures are completely

obscured (middle image, panel C); only a few scattered va-

cancy islands in the film can still be seen, which indicates an

incomplete coalescence of large islands at this stage. The

electrical measurements reveal that conductivity increases as

a result of additional gold deposited, increasing the overall

thickness and eventually filling the voids in the metal film.

Images of thick gold films obtained after prolonged elec-

troless deposition for 20, 25, and 30 min are collected in pan-

els D, E, and F, respectively. All films on seeded areas

exhibit large-scale particle fusion producing compact gold

layers, free from any gaps. By increasing the deposition time

from 20 to 30 min, more gold is deposited on the existing

coalesced islands, enlarging them in size and shape and

thereby enhancing the roughness as well as overall thickness

of the films. In the boundary region (images in the right col-

umn), a clear separation is observed defined by the sharp di-

vision of electroless plating on seeded (non-WT) and

seedless (WT) areas.

During the electroless plating procedure, gold is not

only deposited in the non-WT areas where a large density of

nanoparticles is present but also in the seedless WT part of

the surface, where clusters are clearly observed (right images

in Fig. 5); we assume these clusters to consist of gold. With

increasing electroless growth time, the number of gold clus-

ters appears to increase, while their average size also rises.

In Fig. 6 (left) the distribution of deposited islands on the

seedless (WT) part is shown. Although the spatial distribu-

tion appears to be random, the results in Figs. 5 and 6 seem

to suggest that their density near the boundary is slightly

lower.

The right image shows a zoom in of the clusters, reveal-

ing their irregular shape. Some of them have a flower-like

shape, while the smaller ones have less protrusions. With

increasing electroless plating time, the gold clusters increase

in size. The size range as a function of deposition time is

summarized in Table I. For the shortest times, the clusters

are still in the 100–200 nm range, but after prolonged growth

they can reach diameters as large as 2.5 lm. From the fact

that the gold clusters are formed, we conclude that despite

the absence of gold seed particles in the WT area, there are

nucleation sites where gold growth is initiated. However, in

sharp contrast to the seeded areas, the gold clusters do not

coalesce into interconnected, conducting superstructures.

V. ELECTRICAL AND OPTICAL CHARACTERISATION

To verify the continuity and therewith the conductivity

of the electroless grown gold films at specific stages, four-

point probe electrical measurements have been carried out at

room temperature. The results are summarized in Table II

and graphically represented in Fig. 7. The thickness of the

deposited films as determined using a profilometer versus

deposition time is shown in Fig. 7(a). The thickness curve

can be divided into three distinct regimes. The first region

for deposition times up to 10 min corresponds to the images

in Fig. 5 where the individual gold particles only grow in

size without forming a continuous layer; during this time the

island density remains constant.48 The second regime

between 10 and 20 min shows a slower increase of thickness

with time. In this regime, the isolated gold islands coalesce

as a result of additional gold that is deposited, and the voids

in the layer are subsequently filled. In the last regime for

deposition times exceeding 20 min the film grows only in

thickness and appears to become rougher with time.

FIG. 6. SEM images revealing the distribution (left) and morphology (right)

of the clusters on the WT part of a sample after 30 min electroless deposition.

TABLE I. Typical size range of metallic clusters on the seedless WT area

for different deposition times.

Deposition time (min) Cluster size range (nm)

5 100–200

10 300–800

15 500–1500

20 600–2000

25 650–2200

30 800–2500
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The aforementioned three regimes can also be identified

in the plot of the conductivity as a function of deposition

time as shown in Fig. 7(b). Up to 10 min electroless growth,

there is no continuous percolating current path across the

surface (see also Fig. 5). As such, there is no conductivity. In

region II from 10 to 20 min deposition time the islands start

to coalesce, while the voids are progressively filled resulting

in a more compact metallic layer. Owing to more gold being

deposited, with time the conductivity increases toward its

saturation value. In the saturation regime III for times

exceeding 20 min the film thickness grows more or less

homogeneously. The sheet resistance decreases primarily

due to the thickness increase, while the conductivity starts to

saturate at a value of approximately 16� 106S=m.

This saturation value of the conductivity for prolonged

gold deposition is approximately a factor of 2.8 lower than

the bulk conductivity of gold,49 which amounts to

45:25� 106S=m. The fact that our films, which appear to be

fully developed, exhibit such relatively low conductivity val-

ues may well be due to increased roughness, to voids built

into the layer (not visible in the top-view SEM images), and

to the fact that there are substantially more grain boundaries

in the deposited film.

Optical characterization of the metal films at various

stages of electroless growth is performed by employing spec-

troscopic ellipsometry. In Fig. 8 ex situ ellipsometry spectra

are shown of deposited films on seeded (non-WT) parts of

the surface for different deposition times. The sample mor-

phology as revealed by SEM images corresponding to these

spectra has been described in relation to Fig. 5. The ellips-

ometry spectrum (red line) of a monolayer of 50 nm gold

nanoparticles on silicon oxide prior to electroless deposition

shows a characteristic feature near 2.3 eV. The pronounced

minimum in D corresponds to the surface plasmon resonance

of the gold nanoparticles.51 Moreover, at energies above

3.2 eV spectral features of the silicon substrate, i.e., through

the semi-transparent particulate metal layer, are still visible.

Already after 5 min electroless plating, the spectrum

changes markedly. The characteristic plasmon resonance

feature near 2.3 eV becomes less prominent and shifts to

lower energies. We ascribe the spectral changes to the

enlargement of the individual particles and the formation of

larger islands with irregular shapes. By further increasing the

FIG. 7. Measured thickness (a) and conductivity (b) of electroless grown

gold films as a function of plating time. The dashed lines are a guide to the

eye; the dotted line in (b) represents the conductivity value for bulk gold.

TABLE II. Measured sheet resistance, thickness, and calculated conductiv-

ity of deposited gold films on the seeded, non-WT part as a function of elec-

troless plating time.

Deposition

time (min)

Sheet resistance

(mX)

Film thickness

(nm)

Conductivity

(106 S/m)

5 1 100.00 0

10 6351.05 145.23 1.08

15 2187.99 153.74 3.02

20 441.22 172.82 13.12

25 283.75 213.43 16.53

30 244.62 256.05 15.97

FIG. 8. Ellipsometry spectra, i.e., W and D as a function of photon energy,

of electroless deposited gold films on oxide coated silicon substrates for dif-

ferent plating times. Red lines correspond to samples with only gold nano-

particles, while the green, blue, and magenta spectra correspond to

electroless deposition times of 5 min, 10 min, and 20 min, respectively. The

black dashed lines represent calculated spectra for bulk gold.
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deposition time the spectra develop into a response which

shows distinct similarities with that of bulk gold.

As a comparison, ellipsometry spectra for bulk gold, as

calculated using the dielectric function as tabulated by

Johnson and Christy,50 are represented by the dashed lines.

For energies below 2.3 eV the high reflectivity of gold gives

rise to a value for W of 45�. Near 2.3 eV a drop in W is

observed both in the calculated and measured spectra. This

indicates that indeed the developed metal layer is continuous

and bulk like. The variation of D with photon energy after

prolonged deposition exhibits a very similar curve as the

bulk gold calculation, but an offset is observed. This offset

does not decrease for even longer deposition times. The dis-

crepancy can be reasoned by considering the surface rough-

ness of the film. In fact, the slightly lower W values between

1.0 eV and 2.0 eV in the experimental spectra are also due to

roughness, combined with voids in the layer.

On the basis of the ellipsometry spectra shown in Fig. 8

we can determine pseudo-dielectric functions by inversion of

the ellipsometric parameters. To do this we assume the sample

to be a two-phase system, i.e., only a substrate and the ambient.

The resulting real and imaginary parts of the dielectric function

for different electroless deposition times are shown in Fig. 9.

Prior to the gold deposition, the dielectric function is domi-

nated by 50 nm AuNPs. Moreover, the ellipsometry spectra are

due to reflection from the gold nanoparticles but also from the

oxide-coated silicon substrate. As such, a simple quantitative

analysis of this dielectric function is not possible.51,52

Nevertheless, as discussed by Oates et al.,53,54 the

pseudo-dielectric functions can be used to determine the per-

colation threshold of a growing metal film, i.e., the stage at

which the film becomes continuous to such an extent that

macroscopic current can be conducted. On the basis of their

experiments on silver and titanium layers on oxide sub-

strates, they suggest that when the real part of the dielectric

function becomes negative in the low energy range, i.e., the

infrared, this can be used as an indication of the transition

from a nonconducting island film to an interconnected metal

film. If we apply their model to our data, as shown in Fig. 9,

to predict the percolation threshold, we obtain realistic

results. The spectra of bare gold nanoparticles and after

5 min growth, the real part of the dielectric function is posi-

tive at the energies below 1.5 eV, while the gold film is non-

conductive as shown in Fig. 7(b). For electroless plating

times of 10 min and longer, the real part of the dielectric

function in the infrared shifts from positive to negative, in

good agreement with the finite, measurable conductivity val-

ues (Fig. 7). Of course, the method by Oates et al. provides

only a rough estimate since the dielectric functions were

only determined down to an energy of 0.8 eV. Nevertheless,

we observe very reasonable agreement.

Upon prolonged deposition of gold by electroless

growth, characteristic features related to free electrons in the

film appear in the pseudo-dielectric function. Such Drude-

like free electron behavior is characterized by a strong

decrease of the real part for smaller energies and a distinct

rise of the imaginary part. The dielectric function e as a func-

tion of frequency x is represented by

e ¼ e1 �
x2

p

x2 � ixC
; (1)

where the offset e1 takes into account the contribution of

interband transitions at higher energies. The electron relaxa-

tion rate C ¼ 1=sD is the inverse of the electron scattering

time sD, and xp ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Ne2=e0m�

p
is the plasma frequency with

N the electron density, e the electron charge, and m� the

effective electron mass. For small relaxation rates, i.e.,

C� x, the real and imaginary parts of the dielectric func-

tion in Eq. (1) can be approximated as

ReðeÞ ¼ e1 �
x2

p

x2
; (2a)

ImðeÞ ¼
x2

pC

x3
: (2b)

In Fig. 10 we show the results of fitting (Eqs. (1), (2a), and

(2b)) to the pseudo-dielectric after 20 min gold deposition.

Obviously, only at low frequencies x there is good agree-

ment, since at energies �hx � 1eV interband transitions

become important. From the fit results we obtain e1 ¼ 5,

�hxp ¼ 6:1 eV, and sD ¼ 5:5 fs. Comparison of the exact

Drude expression of Eq. (1) to the approximation in Eq. (2)

(solid and dashed lines in Fig. 10) confirms the validity of

the small relaxation rate approximation in the energy range

accessible in our experiments.

FIG. 9. Real (top) and imaginary (bottom) parts of the pseudo-dielectric

functions before electroless gold deposition (red line) and after gold growth

for 5 min (green), 10 min (blue), and 20 min (magenta), acquired by direct

inversion of the spectra in Fig. 8. The dashed lines represent the bulk dielec-

tric function as tabulated by Johnson and Christy.50
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We can now compare our results to established data for

bulk gold as reported in literature. Recently, a detailed analy-

sis of the optical properties of gold has been described by

Olmon et al. in relation to previous reports on the gold dielec-

tric function.55 From a fit of their ellipsometry spectra to the

Drude model they obtained an electron relaxation time sD

¼ 14 fs and plasma energy �hxp ¼ 8:45 eV. The lower value

for the plasma frequency in our results is most likely related

to a smaller density of electrons participating in the electronic

processes, due to voids and the many grain boundaries in the

film. In good agreement with the approximately three times

smaller electrical conductivity in our films as compared to

bulk gold, the relaxation time sD is also 2.5 times lower.

Owing to significant scattering of the free electrons at surface

roughness features as well as the large density of grain boun-

daries,56 the dielectric functions of our fully developed film

still deviate from the bulk values. Finally, using the scattering

time with the Fermi velocity in gold vF ¼ 1:4� 106 m=s, we

obtain a mean free path sD � vF � 7:7 nm. This value is much

smaller than the grain dimensions observed in Fig. 5, most

likely due to defects and other scattering centres which are not

resolved in these images.

VI. CONCLUSIONS

We have demonstrated a novel method to achieve selec-

tive gold metallization, in which gold nanoparticles are first

selectively adsorbed on silicon oxide surfaces. Patterning

was achieved by selectively deactivating the surface

functionalization using pure water. The nanoparticles act as

seeds to selectively initiate seeded growth by an electroless

plating process. Electroless deposition for different time inter-

vals was carried out to identify the percolated threshold.

Electron microscopy images reveal that by increasing the dep-

osition time the nanoparticles first grow into larger isolated

islands via particle fusion. Subsequently, coalescence among

islands leads to a percolated network. For prolonged deposi-

tion, the gold film becomes more compact due to filling of the

voids in the layer, while the overall thickness increases. After

passing the percolated threshold, the conductivity of the de-

posited films increases with increasing deposition time and

saturates after approximately 20 min. Due to roughness and a

high density of grain boundaries, the conductivity value of our

deposited films remains lower than that of bulk gold by

approximately a factor of three. Optical properties are

assessed by means of spectroscopic ellipsometry. We have

shown that the appearance of a clear Drude-like contribution

in the dielectric function of the growing metal layer agrees

well with the electrical measurements. On the WT areas

where seed particles are completely absent, the formation of

irregular flower-like gold clusters was observed. Although the

exact mechanism for the formation of these clusters is not

clear, we assume they nucleate at exposed thiol-groups on the

non-seeded areas during the electroless growth. However, the

clusters do not coalesce to form an interconnected layer and

as such did not exhibit a measurable conductivity.
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