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We  investigated  the  laterally  enhanced  growth  of  electrodeposited  Au  for  fabricating  nanogap  electrodes.
To enhance  the  lateral  growth,  we  carried out  electrodeposition  over  patterned  electrodes  onto  a  SiO2

surface  modified  with  self-assembled  monolayers  (SAMs)  or dendrimers  with  amine  groups.  The  mor-
phology  and thickness  of  the  Au  films  were  controlled  by adjusting  deposition  conditions  such  as  duration,
applied  potential,  and Au  ion  concentration  in  the  bath.  To  investigate  the  mechanism  of  the  laterally
enhanced  growth,  the surface  states  of  SAM-  or dendrimer-modified  SiO2 were  analyzed  by X-ray  photo-
lectrodeposition
ateral growth
elf-assembled monolayers
anogap electrodes

electron spectroscopy  (XPS).  The  XPS  results  indicate  the  existence  of  organic  molecules  and  Au ions  on
the SiO2 surface,  which  suggests  that  laterally  enhanced  growth  is  induced  by  the  Au  ions  coordinated  on
the amine  groups  of  the  organic  molecules.  To  further  analyze  the mechanism  of  the  laterally  enhanced
growth,  we  investigated  the  relationship  between  the  morphology  of the  laterally  enhanced  growth  of
Au  and  the  amount  of Au  ions  on  organic  molecules.  The  laterally  enhanced  growth  of  Au is expected  to
be  useful  for  fabricating  thin  film  nanogap  electrodes.
. Introduction

Deposition of thin metallic films onto nonconductive surfaces
y wet processing is an important fabrication technique for various
lectronic devices and systems. Wet  processing techniques such as
lectrodeposition have attracted much attention since they offer

 number of advantages such as high throughput, high accuracy,
nd high deposition selectivity. In particular, controlling the depo-
ition morphology by optimizing deposition conditions is one of the
ey technologies for advanced applications in the manufacturing of
lectronic devices [1–6].

Nanogap electrodes, which have a nanometer-size gap between
wo electrodes, play an important role in molecular electronics, and
abricating such electrodes with a predetermined gap size is a very
mportant issue in the field. The predetermined molecular-scale
ap size permits the use of single molecules, molecular nanowires,
nd biomolecules such as DNAs or other organic nanomaterials in
arious devices such as molecular transistors or field-effect transis-
or sensors. To fabricate nanogap electrodes, photolithography and

lectrochemical deposition processes have been combined because
hey offer high yield and the gap size can be controlled on a sub-
0-nm scale by adjusting the deposition conditions [7–11]. The

∗ Corresponding author at: Department of Applied Chemistry, Waseda University,
-4-1 Okubo, Shinjuku, Tokyo 169-8555, Japan.
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ttp://dx.doi.org/10.1016/j.electacta.2012.04.071
© 2012 Elsevier Ltd. All rights reserved.

nanogaps formed with needle-like surface feature are expected to
address individual molecules [9].  However, the resulting electrode
surface is not sufficiently smooth to allow fundamental electrical
measurement of organic molecules such as organic nanowires or
advanced research into the fabrication of organic electronic devices.
The rough electrodes tend to physically damage organic mate-
rials by aligning them between the gap electrodes. In addition,
organic materials cannot easily make an ohmic contact with the
electrodes or (because of the electrode thickness) make contact
with the insulator surface between the gap electrodes. To improve
the reproducibility of measurements of electrical properties and
to attain the objective of molecular electronics, it is highly desir-
able to form thin, smooth electrodes by electrochemical deposition
processes.

Although several attempts have been made to achieve
anisotropic growth in the vertical direction [12], few studies on
anisotropic growth in a lateral direction over an insulator surface
from a patterned electrode (we call this as “laterally enhanced
growth”) has not been attempted. To form electrodeposits on
insulator surfaces, suppression of electrodeposition in the vertical
direction have been studied. Argoul et al. attempted thin-layered
solution to suppress convection in vertical direction in �m to
mm scale [13]. With physically patterning technique, Penner et al.

formed thin metallic layer on an insulator surface [14]. Direct
plating method also is not laterally enhanced growth because
the deposition is induced from an insulator whose resistivity
decreased by dispersed metal nanoparticles onto the insulator

dx.doi.org/10.1016/j.electacta.2012.04.071
http://www.sciencedirect.com/science/journal/00134686
http://www.elsevier.com/locate/electacta
mailto:t.homma@waseda.jp
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Fig. 1. Fabrication process and structure of microgap electrodes: (a) the cross

urface [15–17].  To control the morphology of the electrodeposited
etallic surface, attempts have been made to modify the electrode

urface with organic molecular structures such as self-assembled
onolayers (SAMs) or dendrimers [18,19]. Such modifications by

rganic molecular processes allow various surface states to be tar-
eted via the choice of functional groups in the molecular structure.

To fabricate ultrathin metal films, we focused on the sur-
ace states of the insulator SiO2 to enhance the lateral growth
f electrodeposited Au [20]. To control the surface states (i.e.,
urface energy and complexation) with deposited metal ions,
mine-terminated SAMs were used to develop a spontaneous
urface-modification process. The modified surface is expected to
nhance lateral deposition onto the insulator surface. Such control
f the morphology and thickness of laterally enhanced anisotropic
rowth may  be applied to fabricating nanogap electrodes. In the
resent study, we investigated the different morphologies of the

aterally enhanced growth of Au by varying electrodeposition con-
itions and the organic surface-modification process.

. Experimental

.1. Fabrication of microgap electrodes

Microgap electrodes were fabricated by conventional pho-
olithographic processes. A Si substrate with a 200-nm-thick
hermally grown SiO2 film was cleaned by the solution consist-

ng of sulfuric acid and hydrogen peroxide (H2SO4:H2O2 = 4:1)
or 10 min. The cleaned SiO2 surface was coated with resist
nd developed to form patterns. The patterned SiO2 was  etched
40 nm deep by capacitively coupled plasma reactive-ion etching
onal model of the fabrication process and (b) the plan view of the electrodes.

(CCP-RIE), followed by coating with 10-nm-thick Ti and 50-nm-
thick Au, as shown in Fig. 1a. Finally, the resist with the metals was
lifted off to form electrodes with 2 �m gap. As shown in Fig. 1b, one
electrode was  used as a cathode and the other as an anode in the
electrodeposition process.

2.2. Formation of organic monolayers

Prior to electrodeposition and X-ray photoelectron spec-
troscopy (XPS) measurements, SAMs or dendrimers were formed
or deposited on the SiO2 surface by the following process;
after the microgap electrodes were cleaned with O2 plasma
for 5 min, the substrate was immersed in solutions containing
the SAM constituent or dendrimers for 10 min at 60 ◦C or 24 h
at room temperature, respectively. The SAM solution contained
1.0 vol% of 3-aminopropyltrimethoxysilane (APTES; Kanto Kagaku,
Japan) in toluene. The dendrimer solution contained 100 �vol% of
generation-8 polyamidoamine (PAMAM; Kanto Kagaku, Japan) in
ethanol. The organic molecular structures are shown in Fig. 2. After
forming SAMs or depositing dendrimers onto the SiO2 surface, the
substrate was rinsed in an ultrasonic ethanol bath for 10 min  and
dried under N2 flow.

2.3. Electrodeposition process

In this study, Au baths containing either cyanide Au or chlo-

rauric acid were used to examine the enhanced lateral deposition.
The main difference between these two bath systems is the com-
plexing condition, that is, the deposition potential of Au. Cyanide
Au ions are much more stable than Au ions in chlorauric acid. The
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Linear-sweep voltammetry (LSV) was carried out with the sam-
ples immersed in the cyanide-Au bath or chlorauric-acid bath (see
Fig. 3). From the LSV, we  estimate the deposition potential of
Au from cyanide-Au to be approximately −600 mV, and we find
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Cyanide Au  bath

Chlorauric ac id bath
ig. 2. The molecular structures of APTES and PAMAM: (a) the molecular structure 

nd  repeated unit of PAMAM.

yanide bath consisted of 6.7 g/dm3 of KAu(CN)2 and 1.1 g/dm3 of
2[Ni(CN)4] to reduce the grain size of the deposited Au. The pH was
djusted to neutral using H3PO4 to prevent hydrolysis of the SAMs,
hich occurs under high pH conditions. The chlorauric-acid baths

ontained concentrations of 0.16 g/dm3, 0.8 g/dm3, or 4.0 g/dm3 of
AuCl4·4H2O. All electrodeposition experiments were performed

n a three-compartment electrochemical cell using a digital poten-
iostat (Hokuto Denko, HZ-5000). The electrode potential is relative
o a Ag/AgCl (saturated with KCl) electrode. To investigate Au
eposition, one electrode was used as a counter electrode and the
ther as a working electrode. After modifying the SiO2 surface, as
escribed in Section 2.2,  electrodeposition was performed at room
emperature for deposition durations between 3 s and 30 s. The sur-
ace morphology of the deposits was observed by scanning electron

icroscope (SEM).

.4. X-ray photoelectron spectroscopy process

After the SiO2 surface modified with organic molecules was
mmersed into cyanide-Au or chlorauric-acid baths, XPS mea-
urements were performed. The samples were immersed in a
yanide-Au bath for 30 s and in chlorauric-acid baths for 0 s, 5 s,
0 s, and 30 s, respectively. To analyze the mechanism of laterally
nhanced growth, Au electrodeposition was performed on sam-
les covered with different coverage of SAM species. The microgap
lectrodes modified with APTES-SAMs were immersed into KOH
olution for 0 s, 45 s, 90 s, and 300 s to partially remove the SAMs.

XPS spectra were obtained using an ULVAC-PHI 5400 ESCA Sys-
em X-ray photoelectron spectrometer with Al K� radiation. The
ase pressure in the analysis chamber was 5 × 10−10 Torr. Narrow-

can spectra of the N-1s and Au-4f spectral regions were obtained
ith a pass energy of 35.75 eV, an electron-beam power of 400 W,

nd a resolution of 0.2 eV. The binding energy was  calibrated with
2-1s  peak at 84.0 eV.
ES, (b) the schematic structure of PAMAM and (c) the partial structure of core unit

3. Results and discussion

The laterally enhanced growth of Au was observed using both
the cyanide-Au bath and the chlorauric-acid bath, and the differ-
ences in morphology and thickness of the resulting deposits were
investigated. In particular, we systematically changed parameters
of electrodeposition using chlorauric-acid bath and analyze the
influences of the deposition conditions to the lateral growth on the
APTES-modified SiO2.

3.1. Electrodeposition using cyanide bath
E vs  (Ag/AgCl) / V

Fig. 3. Linear sweep voltammograms for the cyanide Au-electrodeposition bath and
chlorauric-acid Au-electrodeposition bath.
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Fig. 4. Scanning electron micrographs of Au electrodeposited at −1200 mV for 10 s. Panel (a) shows Au deposited on a non-modified SiO2 surface (plan view), panels (b) and
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c)  show a plan view and an 60◦ inclined view, respectively, of Au deposited on a PAM
nhanced growth area, and the SiO2 surface, respectively.

 large increase in the current due to hydrogen evolution above
he −1700 mV  region. Thus, we performed electrodeposition with
pplied voltage up to −1700 mV.

First, after modifying the SiO2 surface with PAMAM, Au elec-
rodeposition was performed at −1200 mV  for 10 s, and differences
etween the non-modified SiO2 surface and the PAMAM-modified
iO2 surface were observed (see Fig. 4). On the non-modified sur-
ace (Fig. 4a), bright-contrast parts are observed and interpreted
s preferential Au growth at the edge of the electrode due to the
o-called “edge effect.” In contrast, we observe laterally enhanced
rowth beyond this region (Fig. 4b). Judging from the inclined view
Fig. 4c), the electrodeposited layer is very thin and smooth which
uggests enhanced growth in the lateral direction. The deposition
hould occur not only on PAMAM molecules but also in PAMAM
olecules [21].
Next, we performed XPS measurements to study the condi-

ion of the dendrimer layers and the Au ions coordinated to the
rganic molecules. XPS spectra from PAMAM-modified SiO2 sur-
aces were acquired after immersing the substrate in a cyanide-Au
lectrodeposition bath for 30 s (Fig. 5). In Fig. 5a, N-1s peaks, which
re attributed to the amine group of the organic molecules, are
bserved. Moreover, as shown Fig. 5b, Au-4f peaks are observed,
hereas these peaks are not observed for the non-modified sub-
trates. We  attribute the Au-4f peaks to Au ions adsorbed onto
he amine groups. Because the adsorbed Au ions were expected
o enhance the lateral growth onto the insulator surface, we  inves-
igated in detail the relationship between the concentration of Au
modified SiO2 surface. Labels A, B, and C indicate the original electrode, the laterally

ions and the laterally enhanced growth of Au using the chlorauric-
acid bath.

3.2. Electrodeposition using chlorauric-acid bath

To lengthen the laterally enhanced growth, we  attempted
to apply chlorauric acid to the electrodeposition bath. Chlorau-
ric Au ions adsorb more easily onto amine groups than when
using cyanide ions because of their different complex stability.
The result of LSV indicated that Au starts to deposit at approx-
imately +800 mV  when using the chlorauric-acid bath (Fig. 3),
which indicates that, as expected, Au ions are less stable in the
chlorauric-acid bath than in the cyanide-Au bath. We  investi-
gated morphological change of the laterally enhanced growth on
PAMAM- or APTES-modified SiO2 with varying electrodeposition
condition.

After modifying the SiO2 surface with PAMAM, electrodepo-
sition was  performed at +550 mV  for 10 s. We  observe laterally
enhanced growth from the edge of the electrode, as shown in Fig. 6.
In this figure, the parts labeled A, B, and C indicate the original
Au electrode, the laterally enhanced Au growth, and SiO2 sur-
face, respectively. Judging from the top view (Fig. 6a), the laterally
enhanced growth is rougher, compared with the results obtained

with the cyanide bath (described above), and lateral growth onto
the SiO2 surface is longer than that for the cyanide bath. Lat-
erally enhanced growth is clearly observed in the angled SEM
image of the identical sample, as shown in Fig. 6b. However, for
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Fig. 5. X-ray photoelectron spectra of (a) N-1s and (b) Au-4f regions from PAMAM-modified SiO2 after 30-s immersion into cyanide-Au electrodeposition bath.
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ig. 6. Scanning electron micrographs of Au electrodeposited on PAMAM-modified SiO2 a
iew.  Labels A, B, and C indicate the original electrode, the laterally enhanced growth are

ig. 7. Scanning electron micrographs of Au electrodeposited onto APTES-SAM-modified 

a)–(c)  are plan views and (d) is an 85◦ inclined view. Labels A, B, and C indicate the origin
t +550 mV for 10 s. Panel (a) shows a plan view and panel (b) shows an 85◦ inclined
a, and the SiO2 surface, respectively.

SiO2 at +500 mV.  Deposition durations are (a) 5 s, (b) 20 s, and (c and d) 30 s. Panels
al electrode, the laterally enhanced growth area, and the SiO2 surface, respectively.
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SiO2 surface but also by the Au ions in the electrodeposition bath.
To further investigate the role of SAMs or dendrimers in enhanc-

ing the laterally enhanced growth, we investigated the surface
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ig. 8. Scanning electron micrograph of Au electrodeposited onto an APTES-SAM-
nclined view. Labels A, B, and C indicate the original electrode, the laterally enhanc

pplications involving nanogap electrodes, the “isotropically grown
art” at the edge of the Au electrode should be suppressed. Thus,
hinner electrodes (ca. 10 nm)  were used for the following experi-

ents of electrodeposition.
To investigate the influence on the laterally enhanced growth of

he applied potential, the Au ion concentration, and the organic
olecule surface coverage, APTES-SAM-modified SiO2 samples
ere prepared using Au electrodeposition from a chlorauric-acid

ath. The main differences between the APTES- and PAMAM-
odification processes are the total amount of Au ions that bind

o the amine groups and the coverage of the SiO2 surface by the
rganic molecules. Although the total amount of Au ions bound
o PAMAM is larger than that bound to APTES, the coverage of
AMAM on SiO2 is expected to be less than that of APTES because
he Coulomb binding is weaker than the covalent binding [22]. For
his reason, we compared the morphology of the deposits with lat-
rally enhanced growth onto PAMAM- and APTES-SAM-modified
iO2 to analyze how Au ions are distributed over the modified SiO2
urfaces.

APTES-SAM-modified SiO2 was applied to the electrodeposi-
ion at +500 mV  for 5 s, 20 s, and 30 s, and the laterally enhanced
rowth of the film structure was observed on each substrate (see
ig. 7). The laterally enhanced growth of the Au film on the APTES-
AM-modified SiO2 surface is smoother than that of the Au film on
he PAMAM-modified SiO2 surface (c.f. Fig. 6). The cross-sectional
iew shown in Fig. 7d indicates that the thickness of the tip of the
aterally enhanced growth part is thinner (approximately 30 nm),
han that of the part near the original electrode. These results
ndicate that isotropic growth occurs concurrently with lateral
rowth.

To investigate the influence of the applied potential on the
PTES-SAM-modified surface, electrodeposition was performed at
200 mV  for 5 s. Fig. 8 shows clear, laterally enhanced growth
esults. The inclined view (Fig. 8b) shows that the deposited struc-
ure is not sloped like the structure electrodeposited at +500 mV
c.f. Fig. 7d). These results suggest that laterally enhanced growth
ominates for more negative (or less positive) potentials, for which

sotropic growth is suppressed. In addition, Au ions coordinated
ith amine groups are expected to be more easily reduced with a
ore negative potential, which would explain the enhanced lateral

rowth (see Fig. 9).
To investigate the laterally enhanced growth mechanism for

u, XPS spectra were obtained from an APTES-SAM-modified SiO2
urface before and after immersion into a chlorauric-acid elec-

rodeposition bath for various immersion durations (Fig. 10). With
n increase in the bath-immersion times, the intensity of the N-
s peaks slightly decreases; however, the organic molecules are
eposited on the SiO2 surface even for 30-s immersion times. In
ed SiO2 surface at +200 mV for 5 s. Panel (a) is a plan view and panel (b) is an 85◦

wth area, and the SiO2 surface, respectively.

contrast, the intensity of the Au-4f peaks slightly increases with
an increase in the bath-immersion time. These results suggest that
the organic molecules on the modified SiO2 surface are desorbed
in the chlorauric-acid bath, but the other free Au ions in the bath
continue to be adsorbed onto the free amine groups. For this rea-
son, electrodeposition onto the SAM-modified SiO2 surface from
the chlorauric-acid bath was conducted for less than 30 s so as not
to perturb the enhanced lateral growth of Au onto the modified
SiO2 surface.

Next, we investigated the influence of the concentration of
Au ion in the bath on the lateral growth of Au electrodeposition.
For this, Au was electrodeposited onto APTES-SAM-modified SiO2
using the bath containing 0.16 g/dm3, 0.8 g/dm3, and 4.0 g/dm3 of
chlorauric acid. For each concentration, laterally enhanced growth
was observed (Fig. 11).  With lower concentrations of Au ions, the
laterally enhanced growth takes on a dendritic structure, which
suggests that deposition occurs under extremely limited diffusion
conditions (Fig. 11a and b). In contrast, with higher concentration
of Au ions, the laterally enhanced growth forms a densely packed
film (Fig. 11c–f).

Fig. 12 shows Au-4f XPS spectra of various samples, which were
APTES-SAM-modified SiO2 surfaces immersed into an electrode-
position bath. The spectra indicate that approximately the same
amount of Au is adsorbed, regardless of the chlorauric acid con-
centration in the bath. This XPS result and those shown in Fig. 11
indicate that the morphology and length of the laterally enhanced
growth are influenced not only by the Au ions adsorbed onto the
E vs (Ag/AgCl) / V

Fig. 9. Cyclic voltammograms for the chlorauric-acid bath containing APTES
molecules in various concentrations without stirring bath.
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ig. 10. X-ray photoelectron spectra of the (a) N-1s and (b) Au-4f spectral regions fo
or  0 s, 5 s, 10 s, and 30 s.

orphology of the deposited Au. To vary the SAM coverage, we
xploited the hydrolysis reaction between APTES and SiO2 (i.e.,

i–O–Si and OH− under high pH), by immersing the APTES-SAM-
odified electrodes into a KOH solution for durations of 45 s, 90 s,

nd 300 s. After immersion into the KOH solution, the substrate

ig. 11. Scanning electron micrographs of Au electrodeposited onto APTES-SAM-modifie
rations of HAuCl4·4H2O are (a and b) 0.16 g/dm3, (c and d) 0.8 g/dm3, and (e and f) 4.0 g/d
iews. Labels A, B, and C indicate the original electrode, the laterally enhanced growth ar
ES-SAM-modified SiO2 after immersion in a chlorauric-acid electrodeposition bath

was rinsed with pure water and immersed in the chlorauric-acid
electrodeposition bath to determine the amount of Au ions on the

SAMs.

The change in the SAM coverage and the amount of Au
ions bound to the SAMs were evaluated by XPS (Fig. 13). The

d SiO2 at +200 mV for 3 s using different concentrations of HAuCl4·4H2O.  Concen-
m3. Panels (a), (c), and (e) are plan views and panels (b), (d), and (f) are 75◦ inclined
ea, and the SiO2 surface, respectively.
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Fig. 13. X-ray photoelectron spectra of (a) N-1s and (b) Au-4f regions for APTES-SAM-mod
and  after 30-s immersion into a chlorauric-acid Au-electrodeposition bath.

Fig. 14. Scanning electron micrographs of Au electrodeposited at +200 mV  after immersio
are  (a)–(c) 5 s and (d) 20 s. Labels A, B, and C indicate the original electrode, the laterally e
a Acta 74 (2012) 235– 243

intensities of the N-1s and Au-4f peaks decreased with an increase
in the immersing duration of the substrate in KOH solution. The
relative concentration of Au ions adsorbed on the SAMs after the
immersion was estimated by integrating the Au peaks, normalized
to the XPS-peak area from Au ions adsorbed when the sample was
not immersed in KOH solution. From this result, relative coverage
of SAM with the KOH immersions of 45 s, 90 s, and 300 s can be
estimated as 0.70, 0.39, and 0.0, respectively.

After partial removal of the SAMs, electrodeposition was per-
formed at +200 mV.  The SEM images of the samples (Fig. 14)  show
that the laterally enhanced growth is suppressed with an increase
in the immersion time in the KOH solution, i.e., the decrease in cov-
erage of the SAM. We  estimated the relative length of the laterally
enhanced growth for various KOH-immersion times, again normal-
izing the length of the laterally enhanced growth to the length
without immersion. The relative lengths of the laterally enhanced
growth for KOH-immersion times of 45 s, 90 s, and 300 s are 0.67,

0.33, and 0.0, respectively, which agree well with the relative con-
centration of Au ions adsorbed onto the SiO2 surface by binding
with the amine groups of the SAMs. However, the relative strength

In
te

n
s
it

y
 /
 a

.u
.

Binding energy / eV

0 s

45 s

90 s

300 s

1000

(b) 
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n into KOH solution for (a) 0 s, (b) 45 s, (c) 90 s, and (d) 300 s. Deposition durations
nhanced growth area, and the SiO2 surface, respectively.
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hese results indicate that the lateral growth is enhanced mainly
y the Au ions absorbed onto the APTES-SAMs on the SiO2 and not
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. Conclusions

We  investigated laterally enhanced growth by electrodeposi-
ion of Au onto a SiO2 surface modified with amine-terminated
rganic molecules. We  observed laterally enhanced growth using
oth the cyanide Au ions and the chlorauric-acid baths and find
hat the growth is more easily enhanced using chlorauric-acid
aths due to the less stable electrochemical state. The morphol-
gy of the laterally enhanced growth depends on the organic
olecules that modify the SiO2 surface, the applied potential, and

he concentration of Au ions in the electrodeposition bath. By study-
ng different coverage factors of APTES-SAM-modified SiO2, we
nd that the length of the laterally enhanced growth depends on
he concentration of the Au ions adsorbed to the SAM-covered
urfaces.

Modifying the SiO2 surface states allows the formation of a
hin and smooth Au film whose thickness and morphology can be
djusted by tuning the electrodeposition conditions. Such laterally
nhanced growth is expected to be useful for fabricating nanogap
lectrodes with thin, smooth electrodes.
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