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Using electrochemical scanning tunneling microscopy (EC-STM) at room temperature and under a liquid layer,
magic gold fingers were grown in the presence of three different amino acids, N-Boc-L-Isoleucine, L-Tyrosine,
and L-Phenylalanine. The surface was modified using a very mild electric field induced by the tip and the
interaction of amino acid molecules with the Au(111) surface. When 0.28 V vs Ag/AgCl was supplied to the
working electrode, an extremely small tunneling current of 0.07 nA and a bias of —0.1 V could be used to induce

the surface modification. It is clear that a combination of the interaction of the molecules with the surface and
the external potential led to the formation of the fingers. The results demonstrate the first instance of this surface
structure formed at such mild electric field conditions and imaged under relevant experimental parameters, i.e.
at room temperature and in a fluid cell.

1. Introduction

In its current state, the industry centered around the manufacturing
and commercialization of electronics has shown a propensity for the
constant reduction of proportions leading to increased interest in the
fields of surface science and nanoarchitecture [1,2]. In order to suc-
cessfully and accurately form these structures at such an incredibly
minuscule domain, it has been demonstrated that it is vital to maintain
both atomic and molecular control of the surface of the substrate [3,4].
Of the various forms of surface metrology that have arisen over the past
two decades, few give more control over such manipulation as scanning
probe microscopy, or more specifically, scanning tunneling microscopy
(STM) [5-10]. The majority of these studies focus on the use of single
crystals due to the atomically flat nature of the crystal surface, as well
as known defect sites that manifest as step edges, adatoms, or, in the
case of Au(111), the herringbone reconstruction [11-13]. These me-
tallic surfaces, when exposed to various adsorbates, such as amino
acids, regularly demonstrate the formation of new topographical fea-
tures [3,14-16]. These new surface species can take on many forms
based on the experimental conditions and have a strong dependence on
external factors such as temperature gradients as well as electro-
chemical manipulation [17-22]. One such surface structure that has
garnered much attention recently is that of the nanowire, a low di-
mensional structure that can form on a Au(111) surface, and was
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reported by Guo et al. in great detail [23,24]. In that work, the for-
mation of “magic gold fingers” was directly facilitated by a high electric
field near the surface using the STM tip. This high electric field see-
mingly promoted Au surface atoms, specifically those near step edges,
to “break away” from the surface and immediately re-adsorb near the
step edge to form nucleation sites for further deposition and the sub-
sequent formation of Au nanowires [25].

An important factor of the results demonstrated by Guo et al. and
the Tot6 research group was the necessity of an extremely high electric
field in order to induce the formation of these nanowires on the Au
(111) surface [23-25]. The use of such extreme conditions, relative to
the scale of experimentation, leaves little room for additional work on
the surface. However, it has been shown that by modifying the surface
prior to scanning, the formation can be induced at milder experimental
conditions [3,26-29]. Additionally, amino acids are known to interact
and modify surfaces and have been the subject of many recent experi-
ments [30-33], some focusing on their uses in molecular electronics
[34,35] and biosensors [36,37]. Importantly, amino acids have also
been shown to induce the formation of nanowires/gold fingers [26,27].
The aim of this report is to elaborate on the successful formation under
mild conditions of these magic gold fingers formed on a Au(111) sur-
face, which has been treated with amino acids and imaged under re-
levant conditions using electrochemical scanning tunneling microscopy
(EC-STM).
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Fig. 1. a) EC-STM image of the clean, bare Au(111) surface before addition of N-Boc-L-Isoleucine. Vyampie = 0.70V, I, = 0.17 nA, Bias = —0.30 V. b) EC-STM image
of the clean, bare Au(111) surface before addition of L-Tyrosine. Vgample = 0.70 V, I, = 0.17 nA, Bias = —0.30 V. ¢) EC-STM image of the clean, bare Au(111) surface
before addition of L-Phenylalanine. Veample = 0.70V, I, = 0.17 nA, Bias = —0.30V.

2. Materials and methods

All of the experiments were performed using in-situ scanning tun-
neling microscopy (STM) under ambient conditions on an Agilent/
Keysight PicoScan 5500 scanning probe microscope. The Agilent/
Keysight PicoScan 5500 is capable of performing EC-STM in real time
with an internal biopotentiostat and a three-electrode set-up. For the
three-electrode system, the Au(111) crystal (Princeton Scientific Corp.)
acted as the working electrode while a Pty glrg, wire (Nanoscience
Instruments) was used as a counter electrode to facilitate electron flow,
and a Pt wire (Alfa Aesar, =99.997%) was used as a reference elec-
trode. The Pt wire is understood to be a quasi-reference electrode and
was referenced against a known Ag/AgCl electrode in saturated KCl to
obtain an open circuit potential of +0.63V vs. Ag/AgCl [38]. All po-
tentials in this manuscript are therefore reported vs. Ag/AgCl. The tips
used in all of the experiments were Apiezon wax coated, Pty glrg » wire
tips (Keysight Technologies) designed to allow less than 70 pA of
leakage current into the system. Furthermore, in order to perform in-situ
measurements of the surface, a fluid cell was used to house the elec-
trodes, the electrolyte solution, and the surface (working electrode).
Due to the extreme chemical sensitivity inherit to both in-situ and EC-
STM, all components of the fluid cell, as well as the crystal itself, must
be subjected to a rigorous cleaning procedure. This procedure included
the daily soaking of all materials in freshly prepared piranha solution
(1:3 Hy0, (30%):H,S04) to ensure any contaminating organics were
removed.

For this study, the surface and working electrode was a Au single
crystal cut along the (111) plane with an orientation accuracy of < 0.1°
and polished to a surface roughness < 0.01 um. Sample preparation
included annealing the crystal under a 1,000 K hydrogen flame for
10 min to ensure that the surface was clean and flat. Once finished, the
fluid cell was constructed and a 0.1 M HCIO, solution was added as the
electrolyte. This electrolyte was used due to its well-known interactions
with the gold surface [18,19,39-48]. Several amino acids were in-
vestigated for this study, all of which were of the L stereoisomer and of
98+ % purity. N-Boc-L-Isoleucine was purchased from Alfa Aesar, L-
tyrosine from Sigma-Aldrich, and L-Phenylalanine from VWR.

3. Results and discussion

This report discusses the observation of magic gold fingers for the
first time at mild scanning conditions and at room temperature under a
liquid layer. The disruption of the surface morphology was observed
after the deposition of amino acids on a Au(111) surface and while
performing EC-STM to apply a constant surface potential to the system.
The EC-STM uses a 3-electrode fluid cell which allows the electro-
chemical manipulation of the surface in real time. With the fluid cell in
place, the crystal was held at a positive potential for two hours as a

means to electrochemically remove the 22 x /3, or herringbone, sur-
face reconstruction innate to bare Au(111). The flattening of the gold
surface is a well-documented phenomenon and allows for the study of
surface adsorption devoid of a templating reconstruction
[18,19,46,47,49]. With the reconstruction gone, the surface was im-
aged to ensure that the crystal was flat and without contamination.
Cyclic voltammograms (CVs) were also used to indicate the cleanliness
of the Au surface (Figure S1) as the clean Au(111) surface has a well-
defined electrochemical signature [46-48,50]. Fig. 1 shows the crystal
surface before the addition of a) N-Boc-L-Isoleucine, b) L-Tyrosine, and
c) L-Phenylalanine. In all three instances, it can be observed that the
gold surface is without any major surface structures such as islands or
etch pits, which would indicate an improper surface for investigation. It
is also clear that the herringbone reconstruction is not present. Ad-
ditionally, the surface flatness of each system was shown to be in the
pm domain, again indicating the cleanliness of the surface (Fig. S2,
Table S1).

Once confirmation of a contaminant and defect free surface was
obtained, an amino acid (AA) solution of interest was introduced to the
fluid cell. Each amino acid solution was 0.5 mM AA in 0.1 M HCIO,4. The
reasoning behind the use of an acidic electrolyte is beyond the scope of
this letter, but will be discussed in greater detail in a future full-length
research article. Generally, this electrolyte is often used in the EC-STM
literature and has a well characterized solvent window for the reference
electrode [47,51]. Once added to the cell, amino acid adsorption to the
surface was promoted through the application of an external potential
across the surface, 0.28 V vs Ag/AgCl [52-57]. To ensure deposition
had occurred, scanning took place at a greater potential than the po-
tential necessary to promote adsorption, which is known as an over-
potential. While scanning at an overpotential for N-Boc-L-Isoleucine, it
was found that rather than developing the surface species originally
under investigation, gold fingers began to manifest instead. The appli-
cation potential for each amino acid was determined through the use of
cyclic voltammetry performed at the surface (Figure S3), however, a
constant overpotential of ~0.28 V was consistently used due to its ex-
perimentally determined ability to assist in the formation of gold fin-
gers. The effect of scanning at the active adsorption potential as mea-
sured in the AA CVs will be reported in a future publication. Potentials
are typically used in EC-STM measurements as a means to pull or hold
molecules on the surface, which would otherwise be moving extremely
fast at room temperature [58-63]. Once the potential was applied, the
surface was imaged in order to observe any surface modification in-
duced by the potential and the adsorption of the amino acids. The re-
sults of these images are shown in Fig. 2a-c, which represent the
growth of magic gold fingers in N-Boc-L-Isoleucine (2a), L-Tyrosine
(2b), and L-Phenylalanine (2c) solutions, respectively. The Palmer
group first noticed the formation of these types of structures while
scanning the surface under an extremely high electric field [23,24].
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Fig. 2. a) EC-STM image of the Au(111) surface after addition of 0.55 mM N-Boc-L-Isoleucine. While scanning at Vsmpie = 0.28 V, I, = 0.07 nA, Bias = —0.1V, gold
nanofingers began to form along the direction of the close-packed orientation of the crystal (red inset). b) EC-STM image of the Au(111) surface after addition of
0.55 mM L-Tyrosine. While scanning at Vsampie = 0.28 V, I, = 0.07 nA, Bias = — 0.1V, gold nanofingers began to form. c) EC-STM image of the Au(111) surface after
addition of 0.55 mM L-Phenylalanine. While scanning at Vsample = 0.33V, I, = 0.07 nA, Bias = 0.2V, gold nanofingers began to form. d) Height profile of Au fingers
after deposition of N-Boc-L-Isoleucine. Average height = 0.24 =+ 0.05nm. e) Height profile of Au fingers after deposition of L-Tyrosine. Average
height = 0.22 * 0.05nm. f) Height profile of Au fingers after deposition of L-Phenylalanine. Average height = 0.20 = 0.06 nm. A blue dotted line shows the
average height of each profile, which is 0.24 nm, corresponding to the known height of a Au step.

This field was caused by increasing the tunneling current of the STM to of Fig. 2a—c shows the directionality of the fingers grown on our crystal,
30 nA, over 400 times larger than the tunneling current used to obtain which are in agreement with the directions reported by Guo et al.
the images in Fig. 2a-c. The directionality of the fingers was de- [23,24]. Importantly, the directionality of the inset changes from image
termined to coincide with the close-packed direction of the underlying to image because the crystal's orientation changes daily, but it can al-
surface within a 60° rotation of the <110> faceted step edge. The inset ways be determined from the step edge directions. Figs. 2d—f show the
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Fig. 3. a) Time-lapsed EC-STM images of N-Boc-L-Isoleucine over ~10 min. Images show the amino acid assisted growth of nanofingers on Au(111) as the tip rasters
across the surface. Veample = 0.28 V, I, = 0.07 nA, Bias = —0.1 V. b) Time-lapsed EC-STM images of L-Tyrosine over ~10 min. Images show the amino acid assisted
growth of nanofingers on Au(111) as the tip rasters across the surface. Veample = 0.28V, I, = 0.07 nA, Bias = —0.1V. c) Time-lapsed EC-STM images of L-
Phenylalanine over ~10 min. Images show the amino acid assisted growth of nanofingers on Au(111) as the tip rasters across the surface. Vgampie = 0.33V,

I, = 0.07 nA, Bias = 0.2V.

height profiles of the nanofingers across the surface. The average value
of the heights is 0.24 + 0.06 nm, which is in good agreement with
previously reported values and the height of a Au step [23,24,28].

As mentioned, the formation of these gold nanofingers was achieved
at a much lower tunneling current, which is also similar to results ob-
tained by other groups [27,28]. However, the results detailed herein
differ in key aspects. In the case of the work by Arima et al., they de-
termined that porphyrins anchored to the surface via thiol groups could
assist in the movement of gold cluster assemblies on the surface under
the effect of the electric field induced by the tip [28]. The tip-induced
electric field was obtained with the tunneling current at approximately
1 nA, which was much lower than what was previously reported
[11,23-25]. However, this is still nearly 15 times larger than the cur-
rent used in this study, i.e. 0.07 nA. Furthermore, the reaction of thiols
with the gold surface varies considerably from that of amino acids
absent of a sulfur group as it is well-known that sulfur covalently binds
to the Au and removes Au atoms from the surface [64-68]. The amino
acid, Lysine, was used in the study by Wilson et al. which is more

similar to our work as that molecule lacks a sulfur group, like all of the
ones included here. In that work, the formation of the gold nanofingers
was observed along the close-packed direction of the Au surface, and
they were obtained at lower tunneling currents, 0.2-1 nA [27], a value
still twice as large as those used to obtain the images in Fig. 2a—c at
their lowest and 15 times larger at the highest. Finally, all of the studies
mentioned above were performed using Ultra-High Vacuum STM (UHV-
STM), which maintains a pristine environment devoid of contamination
and often considered quite far from “real-world” conditions [69-71].
Although there are some characteristic differences between the ex-
perimental parameters reported in past literature and those reported
here, the key variance lies in the unique capabilities of EC-STM. The
magnitude of the tunneling current is always considerably less than
those presented in other types of STM studies, yet conditions within the
EC environment still allow for the observation of the magic gold fingers.
The ability to hold an external potential across the surface, independent
of the tunneling bias, is in part what allows this to occur. The effect of
the external potential was demonstrated when the potential was
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removed and nanofingers were not observed (Fig. S4). Once the po-
tential was reactivated, the nanofingers began to grow once again.
Importantly, on a molecular-level, the applied external potential was
driving an interaction of the amino acid molecules with the surface
while also altering the energetic landscape of the Au surface itself. This
molecular interaction was leading to the disruption and movement of
the Au surface atoms [72-77]. The applied potential and the presence
of the amino acids went hand-in-hand in promoting the appearance and
growth of the magic gold fingers.

Additionally, due to the nature of in-situ STM, it was possible to
gather the images in liquid and at room temperature allowing for the
observation of the fingers in more relevant environmental conditions.
This is the first observation of the magic fingers in an environment
outside of UHV, which is critical to the application of these findings to
systems closer to the “real-world”. Fig. 3 shows the real-time growth of
the fingers in the case of all three amino acids. Each panel from left to
right of Fig. 3a—c is a consecutive frame taken roughly 3 min apart
while rastering across the surface. Furthermore, all of the other reports
have been performed under UHV with the amino acids already dosed
onto the surface. This is the first example of the dynamic adsorption of
the amino acids and their effect on the growth of the fingers. Through
the use of EC-STM while performing in-situ imaging, not only was the
formation of magic gold fingers successfully observed, but it was ac-
complished in real time with precise control of the interaction of the
amino acid molecules with the surface. This process allowed the phe-
nomenon to occur at extremely mild conditions and outside of UHV.

4. Conclusion

The ability to manipulate surfaces electrochemically while imaging
in real time is a process that is unique to the EC-STM instrument.
Furthermore, it allows all of the imaging to take place under ambient
conditions and in liquid, which is a distinctive set of conditions for the
observation of magic gold fingers. The growth of these gold nanofingers
was studied with EC-STM after the adsorption of three amino acids, N-
Boc-L-Isoleucine, L-Tyrosine, L-Phenylalanine. As seen previously, the
fingers grew along the <110> close-packed direction at roughly a 60°
rotation from the step-edge nucleation site, and they maintained a
characteristic height of ~0.25nm, the height of a single Au atomic
step. The magic gold fingers were formed due to the combination of an
applied external potential, which alters the amount of energy it takes to
restructure the surface and governs molecular interactions of molecules
at the surface, and the deposition of amino acids, which are known to
assist in moving atoms on metal surfaces. These structures have been of
great interest and study over the past decade and now can be obtained
much more readily at mild conditions, as well as imaged and modified
in closer to “real-world” conditions. With this advance, the opportunity
to study and use these gold nanowires in applications beyond funda-
mental studies becomes more approachable.
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