ChemComm

Accepted Manuscript

This is an Accepted Manuscript, which has been through the
Royal Society of Chemistry peer review process and has been

accepted for publication.
ChemComm

Accepted Manuscripts are published online shortly after
acceptance, before technical editing, formatting and proof reading.
Using this free service, authors can make their results available

to the community, in citable form, before we publish the edited
article. We will replace this Accepted Manuscript with the edited
and formatted Advance Article as soon as it is available.

You can find more information about Accepted Manuscripts in the
Information for Authors.

Please note that technical editing may introduce minor changes

to the text and/or graphics, which may alter content. The journal's

standard Terms & Conditions and the Ethical guidelines still

g;HEm apply. In no event shall the Royal Society of Chemistry be held
responsible for any errors or omissions in this Accepted Manuscript

or any consequences arising from the use of any information it

contains.

ROYAL SOCIETY
OF CHEMISTRY WwWW.rsc.org/chemcomm


http://www.rsc.org/Publishing/Journals/guidelines/AuthorGuidelines/JournalPolicy/accepted_manuscripts.asp
http://www.rsc.org/help/termsconditions.asp
http://www.rsc.org/publishing/journals/guidelines/

Page 1 of 4

Journal Name

COMMUNICATION

ChemComm

RSCPublishing

Charge Gradient-Induced On-Surface Growth of
Ultralarge Single-crystalline Ag Nanomembranes for
Long Surface Plasmon Propagation

Cite this: DOI: 10.1039/X0XxX00000X

Received ooth January 2012,
Accepted ooth January 2012

DOI: 10.1039/X0XX00000X

www.rsc.org/

A facile strategy for the fabrication of ultralarge (edge length >
50 pm), single-crystalline Ag nanomembranes is reported in this
work. The Ag nanomembrane with atomically smooth surface
demonstrates a much longer surface plasmonic propagation
length as compared to vacuum-deposited polycrystalline Ag film,
representing superior plasmonic property.

More and more research achievements have witnessed the
importance of dimensionality of materials in determining their
fundamental properties in addition to composition and arrangement
of atoms, which has been significantly highlighted with graphene
since 2004." Inorganic nanomembranes (NMs), which possess
single-crystalline structure with thickness of less than one hundred
nanometers and with minimum lateral dimension at least three orders
of magnitude larger than the thickness, have attracted widespread
attention due to their unusual physical properties and extensive
applications from sensors to electronics.? Fabrication of atom-thick
two dimensional (2D) nanomaterials with intrinsically layered
crystal structures of their bulk counterparts, such as metal
chalcogenides, transition metal oxides, and metal hydroxides, have
been effectively carried out through exfoliation technique, either
mechanical or chemical exfoliation.® However, the preparation of
inorganic NMs with nonlayered structure especially for most of
metals and metal oxides is still underdeveloped and less of report
due to lack of effective methods. The strong preference for three-
dimensional (3D) close-packed structure of non-layered materials
gives rise to weak driving force for 2D anisotropic growth.* A
controlled strategy to inorganic NMs with nonlayered structure faces
greatly challenging, which inspires the continuous and innovative
exploration.

Noble metals (Ag, Au) with nanoscale dimensions are of great
interest due to their unusual properties, such as optical, electronic,
and catalytic properties, arising from their structural anisotropy,
large surface areas and nearly perfect crystallinity.” What's more,
noble metals with nanoscale structures enable light involved
properties known as plasmonics, which are strongly size- and
dimension-dependent.® Surface plasmon polaritons (SPPs) are
intrinsically 2D electronmagnetic excitations those propagate along a
metal-dielectric interface through hybridizing photo-electron waves.
Due to the unique hybrid character, SPPs can be developed to
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manipulate light below the optical diffraction limit and find their
applications from subwavelength waveguides to photovoltaics.® Due
to being confined to the near vicinity of the dielectric-metal interface,
SPPs are often manipulated by surface patterning. In general, a
patterned metal is often exploited to generate and manipulate SPPs
where the precision of patterned structure and the dielectric
properties related to surface roughness and homogeneity of the
metals are the key factors in determining the performance of SPPs.’
Therefore, to better generate SPPs, a rather smooth metal surface,
meanwhile with high conductivity and low optical absorption is
prerequisite to avoid SPP scattering and reduce propagation losses.
Unfortunately, to date, the metal films examined for SPP properties
are usually prepared by vacuum physical vapor deposition, which are
inherently rough due to polycrystallinity with random grain
orientation. The rather large surface roughness of vacuum-deposited
metal films usually induce an extremely reduced propagation
length.*****® Therefore, single-crystalline novel metal films with
precise patterned structure are highly desired. Although novel metal
sheets with limited area have been prepared broadly via wet-
chemistry method,'” the synthesis of single-crystalline metal
membranes with large areas applicable to plasmonic devices is still
challenging and far less demonstrated.

We report in this work a facile strategy for the fabrication of
ultralarge (edge length > 50 um), single-crystalline Ag NMs via a
charge gradient-induced on-surface process where positive-charged
Cu(OH), nanowire-haired copper mesh is used as template for
directing the growth of Ag. Through such a wet-chemical process in
mild condition, Ag NMs with uniform thickness (53 + 3 nm) and
atomically smooth surface are obtained. The investigation of SPPs
on a patterned single-crystalline Ag NM with thickness of 50 nm
demonstrates a much longer propagation length as compared to on a
patterned vacuum-deposited polycrystalline film, representing
superior plasmonic property.

As schematically shown in Figure 1a, Cu(OH), nanowire-haired
copper mesh was firstly prepared via oxidation reaction in an
alkaline aqueous solution containing (NH,4),S,0g according to our
previous report.'" Scanning electron microscopy (SEM) images
show that the whole framework of copper mesh (Figure 1b) is
twined uniformly and densely by hairy nanowires after oxidation
(Figure 1c). The nanowires growing vertically along the mesh walls
have a length of 10-15 pm and diameters within the range of 200-
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500 nm. The composition of the nanowires is orthorhombic-phase
Cu(OH), crystal (JCPDS: No. 13-0420) as proved by X-ray
diffraction (XRD) spectrum (Figure S1b). The nanowire-haired
copper mesh behaves superhydrophilic property with quickly
spreading and penetrating process of water droplet recorded by a
high-speed camera system (Figure S1d). In other word, water can
fully wet and infiltrate into the inner of nanowire network. It assures
the complete oxidation-reduction reaction between the reactant in
aqueous solution and reactant on copper mesh.

AgNOs,

H NaOH, (NH,),S,04
) &

Figure 1. (a) Schematic illustration of the synthesis of Ag NMs on
Cu(OH), nanowire-haired copper mesh. SEM images of (b) the
original copper mesh with a mesh number of 500, (c) Cu(OH),
nanowire-haired copper mesh (inset: enlarged cross-section SEM
image of the nanowire-haired copper mesh, scale bar: 5 um), and (d)
Ag NMs grown on the surface of nanowire-haired copper mesh.

To grow Ag NMs, a certain amount of AgNOj; and ethylene glycol
is added into the aqueous solution where a piece of nanowire-haired
inorganic membrane (1 cm x 1 cm) is immersed into the solution
beforehand. Under the reduction of Cu skeleton of the mesh
membrane, Ag* is reduced to Ag® and the whole reaction is preceded
at room temperature. After one-day reaction, the surface of the mesh
membrane turns into white color, indicating the generation of Ag
and the aqueous solution becomes to be light blue due to the
oxidation of Cu. As can be seen from Figure 1d, the surface of mesh
membrane is covered by a large amount of Ag NMs with an average
edge length of 30-70 um. The obtained Ag NMs could be easily
peeled off from the mesh membrane by an ultrasonic treatment.
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Figure 2. Morphology and structure characterization of Ag NMs.
Representative (a) SEM and (b) TEM images of Ag NMs. (c)
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HRTEM image of a Ag NM and (inset) SAED pattern. (d) XRD
pattern of Ag NMs.

Figure 2a and 2b show SEM and transmittance electron
microscopy (TEM) images of the Ag NMs, indicating the presence
of well-defined, large area 2D products with few particles or
impurities within the field. A high-resolution TEM (HRTEM) image
taken from the Ag nanomembrane in Figure 2b reveals it to be
single-crystalline, and the lattice parameter can be calculated to be
0.24 nm (Figure 2c).' The corresponding selected-area electron
diffraction (SAED) pattern obviously proves the single crystalline
property of Ag membrane, and the hexagonal diffraction spots prove
it to be highly (111)-oriented (Figure 2c, inset).'®!"" The set of spots
of 1/3{422} reflection, usually forbidden in a face-centered cubic
(fcc) lattice, indicates that the surfaces of Ag NMs are atomically
flat.** In the XRD spectrum, the overwhelmingly strong diffraction
peak at 26 = 38.4° and its secondary diffraction peak at 26 = 81.7°
are assigned to (111) reflection of the fcc structure of metallic Ag.
These results reveal a preferred orientation of Ag NMs in the (111)
direction. The thickness of Ag membranes could be statistical
calculated to be 53 + 3 nm by utilizing an optical imaging method
combined with image analysis software (Figure S2 and Table S1 and
detail description herein).**'2
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Figure 3. Formation process of Ag NMs on the Cu(OH), nanowire-
haired copper mesh. (a) Left: cross-section SEM image of Cu(OH),
nanowire-haired copper mesh. The area marked by a dashed circle
indicates the Cu skeleton in the copper mesh; right: a schematic
figure for the Cu(OH), nanowire-haired copper mesh with positive
charges distributed along Cu(OH), nanowire and the redox reaction
of Ag" into Ag” occurs. SEM images of the intermediate product
along different reaction time: (b) 0.5 h (inset: low-magnification
SEM image, scale bar, 5 ym), (¢) 1 h, (d) 8 h. (e) Schematic
illustration of the time-dependent morphology evolution process for
the formation of Ag NMs corresponding b-d.
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As for the growth mechanism of Ag NMs on the nanowire-haired
mesh membrane, we propose a process of positive-charge gradient
induced redox reaction on nanowire surface. Basically, Ag* could be
reduced by the copper skeleton of mesh membrane due to lower
reduction potential of Ag than Cu. But what is special in this work is
that the formation of Ag NMs only occurs on the surface of Cu(OH),
nanowires. Two functions are supposed to play key roles on the
growth of Ag nanostructures. One of them is ascribed to the positive-
charge gradient of the nanowire-haired mesh surface. It has been
tested that the Cu(OH), nanowires grown on mesh surface is
positively charged with the zeta potential of 14.2 mV (Figure S3).
As can been seen that the growth of Cu(OH), nanowires on copper
mesh is divergent around the mesh skeleton, like the structure of sea
urchins (Figure 3a). The nearer the nanowires get to the Cu skeleton,
the denser they are. The packing density gradient of nanowires also
gives rise to a positive-charge gradient (e.g. positive-charge number
per unit area). This means that the intensity of positive potential of
copper mesh decreases along the direction of nanowires growth. Due
to electrostatic repulsion, the positive-charged silver ions are
difficult to enter into the inner of the nanowire walls. Therefore, the
silver ions closer to the exterior of the nanowire walls, that is the
outer pointed end of nanowire, are easier to be reduced. During this
process, Cu(OH), nanowires act as electron transporters to transport
the electrons of Cu skeleton to the outer pointed end of nanowires
where the reduction of silver ions occurs. 1D nanostructures of metal
hydroxides grown on conductive substrate have been proved to act
as effective electron mediators/transporters during electrochemical
processes.”> The function of positive-charge gradient and thus
electrostatic repulsion of silver ions and nanowire walls has been
verified by a control experiment where chloroauric acid (HAuCl,) is
used as source material instead of AgNO;. Different from positive-
charged silver ion, the AuCl, is negative-charged. In this case,
AuCl, could be also reduced to Au’ and Au nanoparticles are
formed (Figure S4). However, different from what we observed in
the case of Ag, it is found that the Au nanoparticles are produced
around the nanowire surfaces but not on nanowire surfaces. It is
attributed to the electrostatic attraction between nanowires and
AuCly ions. Another important role during the formation of Ag NMs
is ascribed to ethylene glycol added into the solution. It has been
well-known that ethylene glycol as a kind of polyols can be used as
stabilizer and shape-controlling agent in the synthesis of
nanostructures of noble metals, especially for 2D nanomaterials. The
introduction of ethylene glycol play a crucial role in controlling the
ratio of growth rates for different crystallographic planes and have a
profound impact on the final shape of the metal nanostructures.'* In
a control experiment, Ag with dendritic structures instead of Ag
NMs are produced only in this system when no ethylene glycol is
added in the solution (Figure SS5). It is worth to note that ethylene
glycol is chemical stable and could not be reduced under our
experimental condition. The time-dependent morphology evolution
has been monitored by SEM observation and the corresponding
scheme is also drawn (Figure 3b-e). At the initial stage, ultrathin and
transparent Ag films with irregular edges are formed and propped up
by nanowires as marked by arrows and can be seen clearly (Figure
3b). With the reaction going on, the untrathin films grow further into
larger ones and become thicker and thicker driven by both Ostwald
ripening and oriented attachment processes (Figure 3c).

Due to the large area and smooth surface of our Ag NMs, it is
important to investigate their plasmonic properties. By using SEM
and cathodluminescence (CL) spectroscopy, the propagation
distance of SPPs propagating along Ag surface is measured. To
generate SPPs, focused-ion-beam (FIB) milling was employed to
fabricate a regular grating pattern (periodicity width: 700 nm, grid
width: 500 nm, grid length: 8 um) on the membrane. What deserves
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to be mentioned is that it is the first time to fabricate patterned
structures on a single-crystalline Ag NM. Figure 4a and 4b are low-
and high-magnification SEM images of a patterned single-crystalline
Ag membrane. The smoothness of the single-crystalline Ag
membrane and grid structure with precise and sharp boundaries can
be observed. To better understand the improved plasmonic property
of our single-crystalline Ag NMs, a vacuum-deposited and patterned
Ag film with same thickness and similar pattern structure as the
single-crystalline Ag NM was fabricated by combing magnetron
sputtering with FIB milling. As shown in Figure 4c and 4d, the
surface of the deposited polycrystalline Ag film is rather rough,
especially on the widened pattern grids due to the grain boudaries
during the FIB milling process as compared with the Ag NM. The
flatnesses of the single-crystalline Ag membrane and the deposited
Ag film were further analyzed with atomic force microscope (AFM)
(Figure S6a and 6b). The root mean square (RMS) roughness for the
Ag membrane is quantified to be 1.28 nm over 800 nm x 800 nm
region, indicating an atomically smooth surface. As for the deposited
Ag film, the RMS roughness is as high as 15.5 nm, a representative
value for most polycrystalline Ag films.

I

Figure 4. SEM images of Ag NM (a) and deposited Ag film (c)
patterned with regular gratings. Enlarged SEM images of patterned
grid on the Ag NM (b) and deposited Ag film (d).

The SPP propagation lengths of the two types of Ag films were
then measured. As schematically shown in Figure 5, an electron
beam from FEI SEM with a diameter of around 5 nm was used to
excite SPPs of Ag membrane at a position micrometer away from
the edge of the pattern structures.”® In principle, the plasmons are
propagated along the Ag surface and decayed exponentially with
distance from the surface. Due to the interaction with surface
patterns, SPPs could be coupled to the free space photon modes
when striking the gratings, which was collected by an optical
microscope placed over the sample. The spectra of scattered light
obtained changing the distance between grating and excitation spot
were measured, from which we could extract the function between
the propagation length of SPP and optical wavelength.'”> The
resulting SPP propagation lengths over the detected wavelength
coverage (450-600 nm) for the two types of Ag film are shown in
Figure 5. The results clearly show that the propagation length on a
single-crystalline Ag NM is much longer than on the deposited Ag
film, exhibiting an average 500% improvement. The theoretical
propagation lengths on Ag can be calculated by assuming the surface
of Ag film with zero roughness and the SPPs damping only by
Ohmic losses as shown in the figure too. The SPP results
demonstrate that our single-crystalline Ag NMs possess high quality
and superior SPP property, indicating their great promise for
applications in plasmonic devices.
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Figure 5. SPP propagation lengths on the Ag NM and deposited Ag
film. The dashed line is the predicted propagation length using the
dielectric constant of single-crystalline sample when assuming only
Ohmic losses and no roughness, inset: schematic diagram of the
experiment setup for generating SPPs on a Ag NM.

Conclusions

In summary, we have successfully prepared ultralarge (edge
length > 50 um) single-crystalline Ag NMs in a distinctive
system where a positive-charged Cu(OH), nanowire-haired
copper mesh was utilized as template. Due to the atomically
smooth surfaces and large areas, the produced Ag NMs exhibit
superior surface plasmonic properties as compared to vacuum-
deposited polycrystalline film. The on-surface growth of 2D
nanomaterials induced by positive-charge gradient has
demonstrated its effectiveness and provides a powerful
alternative route for the preparation of 2D nonlayered
nanomaterials with a device-processible scale.
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