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A localized etching of gold surface by scanning electrochemical microscope technique is presented
where a dimethylsulfoxide-based electrolyte charged with iodine is used. The electrogenerated
triiodide ion at the platinum ultramicroelectrode tip (feedback mode) acts as an oxidant for gold
surface. The effects of electrode diameter and the bias time have been investigated. The approach
curve method was used to hold the electrode tip close to the gold surface. A scanning electron
microscope is used to observe the etched gold surfaces where disk-shaped dots are generated. The
diameter of these holes depends directly on the Pt electrode diameter and the bias time.
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1. INTRODUCTION

Modification of surfaces refers to microstructures fabricated on conducting, semiconducting or
insulating substrates by deposition of metallic or nonmetallic materials or etching of the substrate
surface. For a long time, different methods have been used for modification of surfaces. The plasma
modification technique is extensively used for surface functionalization (grafting of various chemical
groups) and its etching by means of strong collision [1-4]. Modification can be also performed through
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various other methods such as electron-beam lithography [1], photolithography [2-5], inkjet printing
[6], and Langmuir-Blodgett technique [7].

For decades, the patterning approach has been based on the photolithography process consists
in transferring the pattern onto a substrate via a mask by optical exposure. The fast progress of surface
modification microtechnologies confirms that it is a significant area of research. Indeed, microstructure
fabrication has a wide range of technological applications in many different fields including electronic
devices [8-11], sensors [12, 13], catalysts and data storage [14].

Amongst probing techniques, the scanning electrochemical microscope (SECM) has attracted
more attention from researchers due to the coupling of electrochemistry and near-field microscopy
since its development mainly in 1989 by A. Bard and co-workers [15]. SECM has been used for
localized modification of surfaces through their operating modes: (i) feedback [16] and (ii) direct mode
[17]. The higher resolution which is obtained by using the SECM technique made it promising as a
powerful tool to study and investigate conducting or insulating surfaces [18, 19].

While photolithography is still the dominant technique for generation of microstructures,
intensive efforts have been undertaken in this field. SECM can be considered for the moment as a
promising alternative method which is inexpensive for wet etching or biomolecule immobilization
[20]. Taking advantage of its etching selectivity [21], mild patterning condition, short period [22],
various operating modes [23], and no need to use acids or other corrosive chemicals which used in
conventional techniques, SECM technique is more appropriate for surface patterning than others
especially since it does not need to preform stamp or mask prior to patterning the substrate.

The feedback mode has been used for localized electrodissolution of high resolution of
substrates such as copper [16], GaAs [21, 24], and Si [25, 26]. The process is carried out through
locally generated oxidant specie that diffuses toward a substrate surface and reacts therein, producing a
localized pattern. The presence of an electroactive redox specie (mediator) in the electrolyte generates
at the microelectrode (tip) the desired reaction on the substrate when they are close to one another.

The industrial importance of gold surface, its patterning and applications in the
microtechnology industry have been expanded considerably as a result of its unique qualities such as
super electrical, thermal and optical conductivities and excellent corrosion resistance behavior. For
instance, microlenses can be achieved with gold microholes and are based on gold plasmonic
capabilities [27]. Micro-holes in gold foils provide a useful micro-process for manufacturing a flat
plane wire winding [28].

The gold pattering step to form functional microstructures is considered as a key to progress of
microelectronic fabrication technology. Thus, as previously mentioned, the fabrication technology of
bioelectronic devices is mainly dependent on the etching step of material substrates like gold. In fact, it
is considered as the most crucial step for increasing the surface area of biosensor platform and in turn
for increasing the immobilized biorecognition sensing element [29]. The limit of SECM patterning /
etching is the resolution which depends on the probe diameter but also the accuracy of current
measurement and positioning system, the probe-to-sample distance, and the Random-walk of ionic
diffusion.

A mixture of concentrated hydrochloric acid and nitric acid (aqua regia) has long been the most
used etchant for gold [30]. For a long time, cyanides have been used as overwhelming chelating
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ligands for electrochemical etching of gold in spite of their toxicity [31]. Over the past decades, intense
efforts have been made to develop and find new lixiviants for gold etching. Chen et al. suggested the
use of thiourea as a strong complex with gold [32]. Thiosulfate is another gold etchant which has been
used in alkaline media [33]. Gold exhibits the ability to form both Au(l) and Au(lll) complexes with
halides. The stability of the gold complexes depends on the condition of electrolyte but the stability of
gold-iodide complexes is greater than the others [34, 35]. KI and Br, mixtures are used in clean rooms
for wet chemical etching to remove or etch away gold layer [36].

Currently, the iodine-iodide system is well-established for gold patterning as the etchant specie
and dates back to the 70s [37]. In this system, the triiodide ion (I3") is generated by the readily reaction
of I, with I" ion. The iodide-iodine system has been suggested in several studies for gold etching due to
its low oxidizing potential and high solution stability compared to other systems [38]. The
iodine/triiodide redox couple in aqueous electrolytes as a mediator and was used in SECM
investigation for detecting MnS dissolution products only, not for etching [39].

In the present work, we revisit the use of the iodine-triiodide redox couple but in DMSO and
apply it to the localized wet etching of gold surface based on the feedback mode of the SECM
technique, where iodine acts as the etchant lixiviate in an aprotic solvent. This new route is based on
the formation of reactive oxidizing species able to dissolve gold metal quickly at the micrometer scale.
This approach compared to dry etching can achieve improvements such as etch rate in the range 0.1 —
1 pum/min (0.01 — 0.1 pm/min for dry etching), low equipment cost, high chemical and low energy
usages.

2. EXPERIMENTAL

2.1. Reagents

The gold substrates used for etching are gold coated (125 nm gold thickness) silicon wafers.
Before use, they were rinsed in acetone and ethanol to remove organic contaminants. Absolute ethanol,
potassium chloride 99%, acetone 99%, ferrocenemethanol 97% (FcMeOH), dimethylsulfoxide 99%
(DMSO), tetrabutylammonium tetrafluoroborate 99% (TBA-BF,) and iodine 99% were purchased
from Aldrich (Saint-Quentin Fallavier, France) and used as received without further purification. The
aqueous solutions were prepared by using ultra-pure water obtained in the laboratory (Milli-Q grade).

2.2. Electrochemical Experiments and Procedures

The electrochemical measurements were carried out using a computer-controlled EIProScan
PG 340 electrochemical Probe Scanner (HEKA Elektronik, Germany). A positioning system which
contains three stepper motors and a piezo translator mounted on a granite portal was used to move the
ultramicroelectrode horizontally and vertically close to the surface of the sample. All experiments were
carried out at ambient temperature (25°C) in a Faraday cage to minimize background noise, and on an
optical table to avoid mechanical vibration.
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A three-electrode setup was used for the electrochemical measurements. Home-made disk-
shaped platinum ultramicroelectrodes (UMESs) of 5 and 10 um diameter and microelectrode of 76 um
diameter were used as working electrodes. The UMEs consisted of sealed platinum wires in the fused
glass of Pasteur pipette by blowpipe and polished with diamond paste. Platinum wire was used as
counter electrode and Ag wire used as a silver reference electrode (SRE).

The microdisk electrodes were characterized electrochemically by studying the steady-state
voltammetry of ferrocenemethanol 5 mM in an aqueous solution charged with KCI 0.1 M at low scan
rate (20 mV/s). The working electrode (Pt UME) was biased at 0.30 V (oxidation potential of the
FcMeOH mediator), the approach curve Ii/ly,, versus normalized tip-substrate separation L, was
recorded for positioning the UME just 2 um above the gold surface. Notice that the tip was approached
to the gold surface and allowed to touch it (contact point) until there is a constant current, and then
withdrawn 2 um above the surface. The normalized current of the approach curve using FcMeOH at
the tip i(T) as a function of normalized distance L is shown in Figure 1.
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Figure 1. Current-distance curve for 76um Pt UME biased at 0.30 V vs. SRE approaching a gold
surface in aqueous solution containing FcMeOH 5mM plus KCI 0.1 M.

For etching purpose, the electrolyte consists in iodine 5 mM plus TBA-BF; 0.1 M in DMSO.
TBA-BF, was used as a supporting electrolyte due to its wide potential stability. The electrochemical
behavior of I, in DMSO was investigated by cyclic voltammetry on Pt UME for determining the
potential to apply at the electrode tip for reducing iodine. The microelectrode potential was then set to
the potential value (0.40 V) to electrogenerate triiodide ion at the tip of the UME, and triggering the
attack of the gold surface.
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DMSO is aprotic and its pKa is about 35 giving it an extremely weak acid behavior. Despite
this condition, the iodide-iodine system is stable in this solvent because no precipitate is observed
since Aul,” complex is known to decompose, leading to gold precipitate [40].

Quartz crystal microbalance (QCM) coupled to cyclic voltammetry was used to monitor mass
variation versus potential (PM710, Maxtek, USA) [41]. 5 MHZ polished gold AT-cut quartz crystals
(Inficon, USA) were used as working electrode (1.37 cm? area). The experiments were performed at
room temperature in DMSO-based electrolyte charged with iodine 5 mM plus 0.1 M TBA-BF,. The
electrode potential was repeatedly swept from 0.70 to 0.0 V at a scan rate of 100 mV/s. The correlation
between changes of oscillation frequencies of the piezoelectric crystal with the mass deposited on it is
based on the Kanazawa — Gordon modelization (the resonant frequency is damped by the viscosity of
the liquid) [42].

2.3. UV-Visible spectroscopy

UV-visible absorption spectra were measured by a PerkinElmer UVscan 35 spectrophotometer
with one pair of 10-mm quartz cells (115-QS, Hellma).

2.4. 3D surface profilometer

A Tencor Alpha Step 1Q profilometer apparatus (Tencor, ) was used for measurements.

2.5. Computational Methods

Diiodoaurate linear geometry and triiodide structure which is linear due to iodine lone pairs
come from crystallographic data [43-45] All structures were optimized in the presence of the DMSO
within the solvent reaction field by using the Polarizable Continuum Model (PCM) at the B3LYP level
of theory with the all-electron double zeta plus polarization functions (DZP) basis set [46-48]. Time
dependent density functional theory (TD-DFT) calculations were performed on the optimized
structures to obtain the excited states (Nstates=20) [49, 50].

3. RESULTS AND DISCUSSION

The study of iodine by cyclic voltammetry in various solvents has been performed by many
researchers. Some recent works deal with the mechanism of iodine reduction [51-53]. Nakata et al.
have investigated the electrochemical reduction of iodine in a nonaqueous solvent, e.g., acetonitrile
(MeCN), dimethylformamide (DMF), DMSO at a mercury and platinum electrode [54]. In the present
work, DMSO is used as solvent due to its common properties such as a wide electrochemical window,
high electrical conductivity and good thermal and chemical stability [55]. From the hard and soft acids
and bases (HSAB) principle, a highly polarizable ion such as iodine is a soft base, and a transition
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metal with low charge density such as Au™ is considered to be soft acid, explaining their propensity to
bind [27]. In this context, Figure 2a shows the cyclic voltammogram of iodine in DMSO on Pt
microelectrode (76 pum diameter) at a scan rate of 100 mV/s. This is a two-step reduction process with
an electron stoichiometry of 1:2 which is observed on Pt electrode.
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Figure 2. (a) cyclic voltammogram of iodine reduction in DMSO containing TBA-BF, 0.1 M on Pt
UME (76um) at a scan rate of 100 mV/s and (b) the gold dissolution monitored by EQCM
measurement. Gold surface imaged by SEM (c) before reduction below the first wave and (d)
after dissolution for 1 min at 0.30 V.

As it is noticeable, the reduction of iodine gives two cathodic waves (wave 1 at 0.40 V and 2 at
0.04 V) which corresponds to the formation of triiodide ion from the reduction of iodine followed by a
reduction of triiodide to form iodide as shown in equations (1) and (2) [54].

3lp +2e =25 (1)

213 +4e =61 (2)

The triiodide ion which is considered as effective oxidant specie towards gold is
electrogenerated at the first cathodic wave, and at the second one triiodide is reduced firstly to iodide.
This is followed by a chemical reaction between electrogenerated iodide ion and iodine which is
present in the medium as shown eq. 3 below:

L+I'=l3 (3)
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The anodic waves refer to reoxidation of iodide and triiodide ions, respectively. Despite the
fact that the stability constant of this reaction is highly solvent dependent, the electrochemical behavior
on gold in DMSO is similar to that observed in imidazolium-based ionic liquid at room temperature
[52].

A cyclic voltammetry investigation (Fig. 2a) coupled to EQCM was carried out to study the
dissolution of the gold surface in iodine aprotic solution versus the applied potential. The response was
significant for the measurement of electrode mass changes and monitored by EQCM. Figure 2b shows
the gold mass loss related to the chemical reaction occurring on the gold surface between the electrode
surface material and the generated oxidant species (I3") to form an Aul,” complex. The gold dissolution
process is not linear over the potential range [0.7 V; 0 V]. Indeed, the dissolution process is quite
important between the first reduction wave at 0.40 V and before the second reduction wave at 0.05 V,
when triiodide ion is electrogenerated.
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Figure 3. (a) Experimental UV-visible spectrum of TBA-Aul, with I3~ impurity bands in the presence
of iodine and (b) theoretical spectra of Aul,” and I3 solvated in DMSO (PCM model). (c)
Absorption curves normalized with optical density value measured at 466 nm (global minimum
common to all samples) versus biaising time (at 0.30 V) and (d) data fitting of maximum
optical density at 504 nm versus biasing time (at 0.30 V).
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Notice that there is no mass loss when cycling in the ranges [1.10 V; 0. 6 V] and [0.00 V; -0. 2
V]. During one scan between 0.70 and 0 V, 16.50 pg/cm? is dissolved in the electrolyte (Figure 2b) and
the process is reproducible (as displayed by the four scans) until gold is completely dissolved. The
gold electrode surface state was examined by SEM and Figure 2d shows the roughness after biasing at
0.30 V during 1 min compared to the smooth polycrystalline surface (Figure 2c).

During the gold electrodissolution experiment (between the two reduction waves), the
electrolyte color changes from deep red-brown to yellow when electrolysis continues for a long time.
After biasing at 0.30 V for 120 min, the color of the electrolyte changes and the formation of TBA-
Aul, and I3 in the experimental UV-visible spectrum (Figure 3a) [56]. It means that diiodoaurate
anion in DMSO is colorless. Moreover, it absorbs in the ultraviolet region as it is observed for the solid
salt TBA-Aul, [57]. From quantum chemistry modelization, it is possible to confirm that diiodoaurate
anion absorbs only in the UV region while triiodate anion has a band in the visible region as displayed
Figure 3b.

The dissolution of gold in this case can be monitored by a colorimetric titration of triiodide ion
until the entire iodine quantity is consumed. Indeed, there is an increase of band height at 504 nm
during electrolysis (Figure 3a) which can be monitored more easily than that of diiodoaurate anion at
235 nm. The superimposition of normalized absorption curves (at 566 nm because of the global
minimum common to all spectra) during electrolysis at 0.30 V versus time is shown in Figure 3c. The
optical density values at 504 nm (peak) reported versus time can be fitted by a third order polynomial
equation (R2=0.999).

The formation process of microstructured holes on the gold substrate via SECM etching was
achieved successfully by taking into account the effect of tip diameter, the gap between the tip and the
surface and biasing time. Indeed, the resolution of the microstructures generated by this method is
controlled by these three parameters. Various experiments were conducted to study the effect of the
ultramicroelectrode diameter, the gap between the UME tip and gold surface and the electrolysis
duration on the size of microstructure pattern. In this context, the electrode tip biased at a constant
potential (0.40 V) for different durations: 30, 60, 90, 120, 150, 180 sec and UMEs having different
diameters were used. At 0.40 V, iodine reduction took place as the gold etching solution vicinity to
electrode tip contains the two important components for gold etching: I and I3". The complexing agent
(I') forms a stable complex with gold while the oxidant (I5") establishes the potential of the surface at a
value where significant gold dissolution can occur. In this working environment, the gold surface
patterning took place successfully due to the surface attack by triiodide ion. In the presence of iodide
ions, gold is dissolved and forms a very stable complex Aul;":

2Au+ 1"+ 137 — 2Auly 4)

Several circular holes were formed in the gold surface by positioning the electrode tip on
different sites of the gold surface. These microstructures were characterized by SEM and profilometry
as shown in Figure 4.
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Figure 4. (a) Electronic microscopy of gold etching by SECM. (b) Effect of the gap between the tip
and the gold substrate on the hole boundary. (c) 3D surface profilometer image of the hole after
gold etching by SECM.

Considering the electrolysis time, it is noted that large diameter patterned-disks were formed by
increasing the electrolysis duration due to the diffusion of the oxidant specie (I3) laterally far away
from the tip of electrode and along the surface which promotes further etching of the surface more than
the tip area. As shown in Figure 4a (from right to left), the diameter of the holes increased with
electrolysis time. For instance, a hole with a 12.75 um diameter is obtained after 30 s bias time while a
22.7 um diameter dot is obtained after 180 s bias time when a 10 um diameter Pt ultramicroelectrode
is used.

Regarding the effect of the tip-to-sample distance, it was found that the gap distance has a great
impact on the dissolution rate and the diameter of the generated dots. As shown in Figure 4b, the
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effective distance between 2-4 um has the fastest etching rate with a well-defined boundary hole while
a more important gap (by going to the right in Figure 4b) leads to poorly-defined boundaries.
Regarding the size of generated dots, it was found that it is inversely proportional to the gap distance.
Discussion for Fig. 4c with flat bottom, well-defined boundaries are achieved with a gap between the
tip and the substrate that is 4 um and reproducibility.
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Figure 5. Diameter of circular dots generated on the gold surface as a function of biasing time.

It is well known that the UME diameter acts on the steady-state current value and thus on the
etched pattern size. Considering the electrolysis time, it is noted that large diameter-patterned disks
were formed by increasing the electrolysis duration due to the diffusion of the oxidant species (I3 far
away from the tip of electrode. As shown in Figure 5, the diameter of the holes increases in a
hyperbolic way with electrolysis time. Notice that from the extrapolation curve in red (third order
polynomial fitting), it is possible to achieve holes with submicrometer size in less than few seconds
with the use of a nanoelectrode (nanode) if the gold substrate thickness is 125 nm.

Anyway, the wet etching method which is used in this work is simple and economical [58]
compared to dry methods. Indeed, they are not recommended for gold surface etching because of the
re-deposition of non-volatile gold complexes [59]. On the contrary of other wet methods, the etching
by iodine solution has some advantages such as more cost effective (etching solution contained just
one component), one-step procedure, environment friendly method since the leaching by cyanide has a
several substantial drawbacks like the high toxicity [35, 60]. Using the thiosulfate as an alternative
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complexing ligand for gold etching causes inhabitation by the formation of a passive layer that
prevents the full dissolution of gold [61].

On the other hand, using SECM as local maskless etching technique made it a simplest method
of surface etching with high control of size and depth of generated grooves. Clean etching process
which can be obtained by using SECM, is one of the most important feature to ensure the electrical and
optical properties of the remaining film are preserved [62].

4. CONCLUSIONS

In this study, we demonstrated that local etching of a gold surface with iodine in DMSO-based
electrolyte can be performed successfully by using wet electrochemical etching. The band of the
triiodide anion at 504 nm and electrogenerated on gold in DMSO can be monitored by visible
spectroscopy instead of the diiodoaurate one which is more difficult to observe. Microstructure holes
were made by using SECM technique through electrogeneration of oxidant specie (I3") at the tip of
UME. It was shown that the size of the electrogenerated holes directly depends on the diameter of
UME used, gap distance between gold surface and the tip of UME and biasing time. In all cases, the
diameter of electrogenerated circular dots is greater than that of the UME used. The reason comes from
the diffusion of oxidant species near the electrode tip.
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