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Silver nanoplates (SNPs) with single-crystalline structures are highly expected building blocks for the
construction of a two-dimensional (2D) plasmonic platform regarded as an advanced tool for the
development of subwavelength light management technologies. One barrier for SNP fabrication is how
to achieve structures with a lateral size large enough and a thickness thin enough for large-scale light
manipulation. Here we propose a multistep chemical synthesis strategy which overcomes this bottleneck
and greatly enriches the morphological features of SNPs by deliberately enhancing the behaviors of
selective etching and self-assembly during a dynamic crystal growth process. Growth mechanisms were
comprehensively studied with the help of real-time microscopic monitoring in situ. Three types of SNP
with different morphology features including 100% yield small SNPs with a controllable surface plasmon
resonance band, large SNPs decorated with hot spots and giant SNPs (up to ~40 pm) with an ultra-high
aspect ratio (over 1000 : 1) and ultrathin thickness were successfully achieved. Using such an engineered
2D platform combining waveguiding and nanoantenna effects, we demonstrated that plasmon enhanced
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Received 4th October 2017 into f directi . Sub l th light t . ith ltiol itati L th q
Accepted 22nd November 2017 into free space directionally. Subwavelength light transmission with multiple excitation wavelengths an

tunable one-dimensional (1D) and zero-dimensional (0D) light scattering as well as photoluminescence
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1. Introduction

Chemical synthesizing and morphology engineering are
essential technologies for the achievement of plasmonic nano-
crystals with high-quality crystal structures in a rapid and high-
yield way," meeting the practical requirements of nanophotonic
devices and system fabrication.”> Compared with lithographi-
cally fabricated polycrystalline nanostructures,® chemically
synthesized nanocrystals having single-crystalline structures
with few (even zero) crystallographic defects are superior in the
achievement of plasmonic devices with much lower ohmic
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damping and better performance.*® Such chemically synthe-
sized nanocrystals serving as surface plasmon polariton (SPP)
waveguides initiated innovative applications in nanophotonics,
such as optical processing,>*” logic photonic circuitry,® remote
excitation of surface enhanced Raman scattering®'® and plas-
mon enhanced subwavelength light sources.” However, previ-
ously studies on chemically synthesized SPP waveguides were
primarily focused on silver nanowires.>***> The SPP mode sup-
ported by these one-dimensional (1D) waveguides only propa-
gates along one direction and scatters into free-space light at
their two ends. In contrast, two-dimensional (2D) silver nano-
plates (SNPs) with large surface area provide an alternative
waveguide structure supporting SPP modes with more diverse
modal characteristics and spatial freedom, opening up a new
research direction of high performance plasmonic platform
construction.”® As a new research field, only basic plasmonic
characteristics of SNPs such as polarization dependent mode
propagation and light scattering at edges were demon-
strated.'> Actually, the diversity of 2D SPP modal characteris-
tics is dependent on both the size and thickness of SNPs. As
there is still a lack of effective synthesis methods of SNPs with

This journal is © The Royal Society of Chemistry 2017
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an ultra-high aspect ratio (large size and ultrathin thickness),
the advantages of an SNP based 2D plasmonic platform have
not been comprehensively explored in experiments.

Many efforts have been applied to the synthesis of SNPs with
single-crystalline structure using wet-chemical synthesis,"*>*
especially SNPs with large size." Among those reported
methods, the multi-step synthesis of SNPs in aqueous envi-
ronment*>* is superior in structural uniformity, size and
thickness control. Large SNPs with a high aspect ratio were
expected to be obtained by the continual increment of reaction
cycles. However, the maximum size of SNPs synthesized using
such a strategy was less than 5 pm (ref. 22 and 23) which did not
meet the practical size requirement of 2D SPP mode manipu-
lation. To overcome this bottleneck, it is of great importance to
explore the growth kinetics comprehensively during the crystal
growth process. This will motivate the development of SNP
synthesis  strategies  with  enhanced  morphological
controllability.

Here we first reveal the decisive factors limiting the size and
yield of SNPs in a dynamic reaction assisted by real-time visu-
alization of the crystal growth process under optical microscopy
in situ. As the anisotropic growth mechanism and simultaneous
existing H' etching behavior during the reaction were clarified,
we proposed the addition of an etching agent of hydrogen
peroxide (H,0,) and a protection agent of chloride ions (Cl™) in
different stages of the reaction which greatly improved the
effectivity of crystal type self-etching and self-screening behav-
iors during the growth process. With these improvements, the
size and thickness limitations of SNP synthesis in aqueous
solution were broken through and three types of SNP with well-
engineered morphological features were achieved, as illustrated
in Scheme 1. They are nano-antennas with controllable local-
ized surface plasmon resonance (LSPR) bands and huge 2D
crystal structures having atomically flat surfaces or decorated
with hot spots. Based on these morphological engineered huge
SNPs, fundamental optical properties of 2D plasmonic plat-
forms were comprehensively explored under optical microscopy
in situ. Thickness dependent SPP modal distribution, propaga-
tion and sub-diffraction limit scattering in far-field, multiplexed
broadband optical transmission as well as plasmon enhanced
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remote excitation of light emitters of the 2D SNP platforms were
investigated. Our achievements indicated that huge SNPs
fabricated by low-cost and simple chemical routes can serve as
advanced plasmonic platforms and are useful in various fields
such as nanoscale light manipulation,'®*****” nonlinear optical
enhancement,”* optoelectronic multiplex**** and quantum
information transmission.***

2. Experimental
2.1 Chemicals

Silver nitrate (AgNOj;, 99.9%), sodium borohydride (NaBH,,
98%), sodium citrate (99.9%) and sodium chloride (NaCl,
99.9%) were purchased from Sigma-Aldrich. Hydrogen peroxide
solution (H,0,, 30% w/w) and hydrazine hydrate (99.5%) were
purchased from Hujiang Co., Ltd. Ultrapure water (>18.2 MQ
cm) was used in all experiments.

2.2. Methods

Preparation of silver seeds. The optimal condition is as
follows. 60 pL of 0.5 M AgNO; and 70 pL of 0.5 M sodium citrate
were added into 10 mL of water. Then, 180 pL of H,0O, solution
and 500 pL of 0.2 M NaBH, were added into the solution
successively under strong stirring. For comparison, different
amounts of H,0, and NaBH, were used to synthesise different
types of seed solution, as demonstrated in Fig. 1. For seed
sample a, the seeds were obtained using conventional
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Fig. 1 (a) Extinction spectra of silver seeds synthesized under different
conditions. Curves a to c correspond to seed samples a, b and c,
respectively. (b) X-ray diffraction (XRD) spectra of the three seed
samples. TEM and HRTEM images of seed samples a to c are shown in
(c to e) and (f to h), respectively.
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methods.?* H,0, is absent and the concentration of NaBH, is 1/
10 of the optimal condition (50 uL of 0.2 M). For seed sample b,
180 uL of H,0, solution and 50 uL of 0.2 M NaBH, were added
into 10 mL solution. Seed sample c corresponds to the optimal
condition described above.

Preparation of solutions A and B.>* Solution A: 50 pL of 0.4 M
hydrazine hydrate (N,H,) and 50 uL of 0.5 M sodium citrate,
serving as the reducing agent and surfactant, were added into
18 mL of water. Solution B: 58 pL of 0.5 M AgNO; solution was
added into 5 mL of water.

Method 1: synthesis of SNP type I. Different amounts of
silver seed solution decreased from 3200 to 50 uL were added
into solution A.** Then solution B was injected into the mixed
solution dropwise by a syringe pump at a rate of 10 mL h™" to
obtain a series of SNP solutions as shown in Fig. 2a.

Method 2: synthesis of SNP type II. A continual growth
process using multisteps has been proposed.>*** Here, the seed
solution in Method 1 was replaced by a 2 mL solution of SNP
type I obtained from previous cycles. The other chemicals added
are the same as those in Method 1. Furthermore, 50 pL of
diluted H,O, solution (3%, w/w) was added in each cycle to etch
the self-nucleated spherical nanoparticles.

Method 3: synthesis of SNP type III. 2 mL of SNP solution
with an average size of 1 um synthesized using Method 2 with
two cycles was added into solution A, followed by 50 pL of
diluted H,O, solution (3% w/w) and 50 pL of 0.5 M NaCl.
Finally, 5 mL of solution B was injected dropwise into the mixed
solution at a rate of 5 mL h™ . The obtained solution was aged
for 48 h at room temperature to complete the reaction. To
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Fig. 2 (a) Photograph of diluted silver solutions and corresponding
extinction spectra of silver seeds (dashed line) and SNP type | with
different sizes (solid line). (b) HRTEM image of twin-crystal seeds with
defects survived in an H,O, etching environment. (c) SEM image of
monodispersed SNP type | with an LSPR band of ~710 nm.
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obtain the huge SNPs, the synthesis step was implemented
twice.

2.3 Characteristics

The structural features of the silver nanocrystals were charac-
terized by scanning electron microscope (SEM, Zeiss Ultra Plus)
operating at 20 kV under a high vacuum mode. A built-in energy
dispersive X-ray spectrometer (EDS) was used to monitor
elemental compositions of SNPs. Transmission electron
microscopy (TEM) (Fei Tecnai G20) images were obtained with
an acceleration voltage of 200 kV. The X-ray diffraction (XRD)
spectra were taken using an X-ray diffractometer (Ultima IV)
with Cu Ko irradiation (40 kv, 30 mA). The scanning rate was
10° min~ ' and the diffractograms were recorded in the 10-90°
region with a 0.02° resolution. X-ray photoelectron spectra (XPS)
were performed using a PHI 5000 VersaProbe (Ulvac-phi, Japan)
with Al Ko X-rays (1486.6 eV) as the exciting source. Extinction
spectra were measured using a fiber optic spectrometer (NOVA,
Ideaoptics Technology Ltd. China). The in situ excitation,
imaging and spectral analysis of SNPs were performed under an
Olympus IX-71 optical microscope system.

3. Results and discussion

3.1 Highyield seeds with stacking defects synthesized by the
H,0,-assisted self-screening method

Multi-step aqueous synthesis of SNPs contains two steps.?”*
The first step is the preparation of silver seed solution using
NaBH, as a strong reducing agent following eqn (1) where the
seeds rapidly grow up from the aggregation of reduced silver
atoms under the protection of sodium citrate. In the second
step, seeds are added into the SNP growth solution to trigger the
reaction where N,H, is used to reduce Ag" and promote the
anisotropic deposition of Ag® on to the seeds gradually. To
increase SNP size, the second step can be repeated several
times.”>** In this synthesis strategy, a high yield of anisotropic
and defect enriched seeds is crucial for the successful growth of
the monodispersed plate-like nanostructure.®® As reviewed by
Liz-Marzan,*® it is a general rule that anisotropic seeds with
defects play a critical role in the successful synthesis of high-
purity anisotropic crystals. Once isotropic seeds®” are mixed or
randomly generated in the reaction solution, spherical by-
products will grow up rapidly and greatly influence the yield
and size of the SNPs.** Therefore, synthesis methods of high-
purity anisotropic seeds are highly required in the research
field of metal crystal design and engineering.*®

Ag" + BH, ™ + 3H,0 — Ag’ + BOs®™ + 3H" + 3.5H,1 (1)
2Ag° + H,0, + 2H" — 2Ag" + 2H,0 (2)

Herein we created a self-screening environment to strictly
control the type of seeds and obtained SNPs with high purity as
shown in Fig. 1. Different from conventional seed synthesis
methods, here an appropriate amount of H,0, and a remark-
ably excessive dose of NaBH, (10 times higher than the
conventional dose®) are added in the seed synthesis step.

This journal is © The Royal Society of Chemistry 2017
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During this nucleation step, H,0, acts as an etchant®***7-%°
which can selectively etch the isotropic seeds following eqn
(2),* while the excessive NaBH, reduces the re-generated silver
ions soon following eqn (1) again.

During this stage, the ‘reduction-etching’ process will repeat
several times until high-yield anisotropic and defect enriched
seeds having excellent etching resistance ability against H,O,
are obtained. Movie 1 in the ESI{ recorded this interesting
dynamic reaction process vividly. The color of the reaction
solution changed from dark brown to light yellow and back to
dark brown several times. When the color changed to brown,
the reaction described by eqn (1) occurred. Then, the reaction of
H' etching following eqn (2) occurred because the isotropic
silver seeds generated can be etched by H,0,. In this stage, the
color of the solution gradually became lighter. As the amount of
NaBH, is remarkably excessive, these two chemical reactions
alternatively occurred several times. During this strictly self-
screening step, initially generated isotropic seeds were elimi-
nated and the surviving seeds were mainly planar twin-crystals.
To show the critical roles of both H,O, and NaBH,, we
synthesized three types of seed under different conditions as
described in the Experimental section. These samples show
obviously different crystalline characteristics and morphol-
ogies. Although the extinction spectra of seed samples a and c
(shown in Fig. 1a) are similar, their crystalline characteristics
are different, as shown from the TEM images. Without H,0,
(seed sample a), isotropic seeds possibly attributing to spherical
by-products were easily observed, as shown in Fig. 1c and f. The
HRTEM image in Fig. 1f clear shows that the seeds are isotropic.
In comparison, the seeds that survived the strict self-screening
process are rich in defects and nano-sized hollow cavities
(illustrated by the red arrows) as shown in Fig. 1e and h. The
HRTEM image in Fig. 1h shows that the seeds had a planar-twin
structure which is beneficial for anisotropic SNP growth. XRD
analysis further confirmed this crystalline difference from
a macroscopic aspect. The full width at half maximum (FWHM)
of the Ag (111) peak (illustrated by the yellow arrows) of seed
sample c is about two times wider than that of seed sample
a which indicates that the defects and cavities in seed sample ¢
are much more abundant than those in seed sample a, consis-
tent with the results observed in the TEM images. These hollow
cavities are unique structural features of the silver seeds
synthesized with the addition of H,O,. We speculated that they
are formed by local area etching of H,O,. Meanwhile, two sub-
peaks observed (illustrated by the green arrows) in the curve of
seed sample c further indicate that the seeds have stacking
faults which is critical for SNP growth.*® Note that the seed-
selection process by the addition of H,O, that is helpful for
the yield improvement of SNPs was first reported by Mirkin’s
group,** improved by Yin’s group®”*® and then extensively used
hereafter.”* However, the seed self-screening phenomenon
(Movie 1, ESIf) and crystalline optimization method demon-
strated currently have not yet been shown before. Here we found
that simply adding H,0, is not sufficient to obtain such high-
yield anisotropic seeds. As shown in the TEM image of seed
sample b (Fig. 1d and g), the typical synthesized structures are
mainly silver branches with micrometer sizes when the amount

This journal is © The Royal Society of Chemistry 2017
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of NaBH, added is insufficient. The broadening and red-
shifting of the absorption band shown in the extinction spec-
trum of seed sample b further showed their morphological
difference. The main reason for achieving such irregular
structures is because less Ag® was reduced by NaBH, (which is
insufficient) after the H,O, etching process. In this condition,
self-nucleation and self-screening of the seeds cannot continue.
Instead, Ag° slowly adsorbed onto the surface of the seeds
already generated and then grew into micro-sized crystals. The
optimal amount of H,0, was discussed in Fig. S1, ESL.T

The high-resolution transmission electron microscopy
(HRTEM) images in Fig. 1h and 2b exhibited the unique
anisotropic and defect enriched feature of the seeds that
survived after strict H,O, etching. Using such seeds, ~100%
yield monodispersed SNPs (regarded as SNP type I, the smallest
samples with a mean size of 25 nm and a thickness of ~9 nm
are shown in Fig. S2t) were obtained, as confirmed by the
extinction spectra in Fig. 2a and scanning electron microscopy
(SEM) image in Fig. 2c. The extinction spectra in Fig. 2a reflect
the monodispersity of the obtained silver solution samples. The
dashed line shows the prepared silver seeds with a LSPR band at
~410 nm. In the following step of SNP growth, the red shift of
the main LSPR band corresponds to the growth of anisotropic
SNPs.** Once more silver seeds are added in the reaction solu-
tion, the size of the final obtained SNP will be smaller. The
yellow solid line in the extinction spectra corresponds to the
obtained SNP sample with the smallest size (~25 nm). The SEM
images are shown in Fig. S2.T With the decrease of the amount
of silver seeds added, the size of the obtained SNPs increased
gradually. The main LSPR band of the extinction spectra red
shifted from 450 nm to 700 nm, accordingly. Note that, as
shown from the extinction spectra of SNP solutions, the usually
observed LSPR band at ~420 nm corresponding to spherical by-
products®*** is completely absent. SNP solutions in Fig. 2a
appeared as diverse colors and single LSPR bands correspond-
ing to different particle sizes. It is also observed that pure SNP
solution with an LSPR band longer than 600 nm appears blue.
Interestingly, a green color which is the usual color of SNP
solution™®'*** was absent. Actually, the green color is due to
a color mixture effect of blue color representing large SNPs and
yellow color representing spherical by-products which was
difficult to avoid, reflecting their impurity. Fig. S3f further
provided a direct comparison between the color difference of
these SNP solutions with high-purity and impurity.

Using this seed screening strategy, a long-standing problem
of spherical by-products in the aqueous synthesis of SNPs was
completely solved. It enables this method to be very competitive
for the mass production of high-purity SNPs. As much as 0.32 ¢
of monodispersed SNPs with high-density (0.012 M) were
successfully synthesized by one growth cycle (shown in Fig. S4,
ESI) which is over 100-fold larger than that in previous
reports.”>>* The as-prepared monodispersed SNP type I sized
from tens to a few hundred nanometers with single LSPR bands
ranging from visible to near-infrared range is no doubt a critical
building block meeting the requirement of various rapidly
developing fields including nanoantenna,**** true color

RSC Adv., 2017, 7, 55680-55690 | 55683
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3.2 Bottleneck of conventional multistep synthesis of SNPs
with high aspect ratio

To obtain SNPs with a higher aspect ratio and controllable
thickness, a continual growth process using multisteps has
been proposed.**?** However, there is a lateral growth limitation
which has not been revealed before. Based on this usually used
continual growth strategy,>** we used Method 2 (described in
Methods in the Experimental section) to explore the size
increasing limitation of SNPs. The mean sizes of the SNPs
synthesized at different cycles taken from SEM images are
plotted in Fig. 3a. The size of the SNPs increased rapidly at the
earlier stage. However, it increased gently and finally decreased
after 8 cycles. This result indicated that simply increasing the
growth cycles cannot obtain SNPs with a very large size. Due to
this, the SNPs became unstable after multiple-cycle growth.
They suffered etching, cracked from the edges and finally dis-
solved, rather than continuously grew up. The SEM images
shown in Fig. 3b-d reveal this morphological change. At 6
cycles, SNPs with a mean size of 3 um and smooth surfaces were
observed. However, when the cycles further increased, defects
and small particles attached on the surface of the SNPs
increased. After 9 cycles, defects and cracks enlarged and the
size of the SNPs decreased accordingly. Eqn (4) provides
a possible explanation about the mechanism of this continual
etching phenomenon. It may be attributed to the continuous
surface attacking by the accumulated H' generated from the
reduction reaction (described by eqn (3)). Once the defects were
generated, fresh exposure surfaces without the protection of
sodium citrate increased accordingly. This led to an accelera-
tion of the H' etching process from the areas where defects
generated. Meanwhile, with a continual size increase, the Ag

1 2 3 4 5 6 7 8 9
Number of Cycles

Fig. 3 (a) Mean size of SNPs synthesized by the conventional multiple
re-growth process as a function of the number of growth cycles. SEM
images in b, ¢c and d show typical morphologies of SNPs synthesized
after 6, 8, and 9 cycles, respectively. Scale bar in SEM images is 1 um.
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atom absorption ability of these large SNPs decreased because
of the surface energy decrease. In this stage, the ‘dissolution’
process described by eqn (4) becomes dominant, replacing the
‘growth’ process. More Ag atoms are dissolved by H" which
finally leads to a complete dissolution of the SNPs. This etching
phenomenon was clearly exhibited by a comparison experiment
under a real-time visualization of the reaction process in situ, as
recorded in Movie 2, ESL.}

4Ag" + NoH, — 4A¢° + N, 1 + 4HY (3)

3Ag° + 4H' + NO;~ — 3Ag" + NO1T + 2H,0 (4)

This H' etching effect during the SNP growth process also
leads to the serious size variation of SNPs with the increase of
the re-growth cycles, as is clearly shown in Fig. 3a. This is
because more and more large SNPs will be etched from the
lateral edges. This is a problem that cannot be easily avoided by
this synthesis strategy. Although decreasing the re-growth
cycles will be beneficial for improving the size variations of
SNPs, their size cannot be increased easily to over ten microns.

Meanwhile, as the defects increased gradually during the
repeated re-growth steps, small SNPs generated by self-
nucleation were apt to be decorated on the surfaces of these
large SNPs randomly as shown in Fig. 3c and S5 (ESIt). The
maximum size of such SNPs synthesized by 8 growth cycles
(regarded as SNP type II) reached ~8 pm which is large enough
for the construction of a 2D plasmonic platform.

3.3 Breaking the size limitation of SNPs using self-screening

From the analysis above, one can see that the generation of
defects on the surface of SNPs is the main factor limiting the
size increase of the SNPs. Here we improved the conventional
multiple re-growth strategy from the following three aspects: (1)
an appropriate amount of C1~ was added to protect the Ag {111}
facets of SNPs during the crystal growth process; (2) the reaction
time was prolonged from 15-20 min to 2 days per cycle to create
a self-screening condition for SNPs; (3) decreasing the repeated
regrowth cycles.

The main contribution of Cl™ is that it can easily adsorb onto
Ag {111} facets® to avoid the SNPs being etched by newly
generated H' in the reaction. In situ observations of the SNP
regrowth step with and without the addition of Cl~ were
compared in Movie 2, ESIf where the effectiveness of Cl™
protection was clearly confirmed. The aim of prolonging the
reaction time is to enhance the self-screening behaviour of the
SNPs in the regrowth step. Once Cl- was added, the SNPs
already having defects can be etched by various mild reaction
processes, such as H' etching and CI~/0, selective etching of Ag
{110} facets of SNPs. Newly generated Ag" was then reduced by
N,H, again into Ag® following eqn (3). The Ag® selectively
deposited onto the lateral sides (Ag {110} facets) of the SNPs
without defects very slowly as the surface energy of the large
SNPs had decreased accordingly. Those SNPs well protected by
Cl™ with defect-free surfaces eventually became the ultimate
beneficiaries from such a ‘survival of the fittest’ rule, growing

This journal is © The Royal Society of Chemistry 2017
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into astounding huge structures with an ultra-high aspect ratio.
In addition, decreasing the number of regrowth cycles is
beneficial for the achievement of SNPs with a thinner thickness.

Morphological features of the synthesized huge SNPs,
regarded as SNP type III including atomically smooth surfaces
and edges, as well as ultrathin thicknesses, are clearly shown by
the SEM and TEM images in Fig. 4a-e. The single-crystalline
structure with fringe spacing between adjacent silver atoms of
2.5 A corresponding with {111} was observed as shown in
Fig. 4b, similar to that of Fig. S5b.f A serendipitously observed
triangular crystallographic cracking inside the SNP shown in
Fig. 4e further indicated the regularity of Ag atom arrangement.
SEM images in Fig. S61 show that the thickness of SNP type III is
between 10-60 nm (mean 30 nm) which is much thinner than
that of previous reports.'®>%** SNPs with a size larger than 10
pum can be easily observed. A SNP with a size of ~40 pm and an
ultra-high aspect ratio of over 1000 : 1 was observed, as shown
in Fig. S7.1 Note that when 25 nm sized SNPs with a thickness of
several nanometers grew up to 40 pum, the size of the crystal
increased over 1600-fold. However, their thickness was only
increased less than 10-fold. This fully showed the robustness of
the current synthesis strategy in thickness confinement. The
current achievement with the high-aspect-ratio 2D silver nano-
structure with perfect crystal structures and bigger specific
surface area will promote the development of a 2D plasmonic
platform and high-efficiency  photocatalysis  applica-
tions.>*?**** Tt is also a highly expected raw material to fabri-
cate nano-devices with single-crystalline structures.***°

To fully understand the functionality of CI™ during the SNP
synthesis process, we compared the morphologies of SNP type II
(without adding CI™) and SNP type III using HRTEM as shown
in Fig. 5a and b. For SNP type II, an organic shell with a width of
~5 nm was observed which was formed by sodium citrate. As
discussed above, such an organic shell is not dense enough to
protect SNPs against etching. Therefore cracks can be found at
the edge of SNP type II in the HRTEM image (Fig. 5a). In
comparison, those organic shells were removed from the
surface of SNPs once ClI~ was added by ligand-exchanging, as

Fig. 4 (a) SEM image of SNP type lll. (b) HRTEM image of SNP. (c—e)
SEM images of the detailed morphology of the SNP in (a). (Scale bar in
(c—e) is 50 nm).

This journal is © The Royal Society of Chemistry 2017
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Fig. 5 HRTEM images in (a and b) compared the shells of SNP type II
and SNP type Il at their edges, respectively. (c) Comparison of
elemental distributions taken from EDS mapping. (d) Compared XPS
analysis results.

shown in the HRTEM image of SNP type III. During the crystal
growth process, a dense passivation layer® formed because the
adsorption of CI” on the Ag {111} facets of the SNPs provided
a better protection of the surfaces of SNPs against H' etching.
This leads to the successful growth of SNP type III with huge
sizes and better crystalline quality. For SNP type III, cracks
cannot be found anymore as seen from the HRTEM image in
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Fig. 5b. This ligand exchanging mechanism of Cl~ to replace
organic shells had been investigated by Hui et al. using silver
nanowires,* in accordance with current observation. Compared
element mapping between single SNP type II and SNP type III by
EDS as shown in Fig. 5c¢ confirmed that Cl adsorbed on the
surface of SNP type III. XPS analysis results shown in Fig. 5d
confirmed that the passivation layer on the surface of the SNPs
mainly constitutes AgCl. This is because the Cl 2p peaks appear
in the XPS of SNP type III. Meanwhile, the Ag 3d peaks moved to
a higher binging energy which is consistent with the XPS
characteristic of AgClL.>*> XPS in the full spectrum range can be
seen in Fig. S8, ESL.{

The optimal concentration of CI~ was investigated. Fig. 6
shows the morphologies of the SNPs obtained by adding
different amounts of Cl™. Note that to show the intermediate
states of the SNPs during the regrowth process, these SNPs
experienced only one-circle growth. Without Cl™ protection, the
SNPs cracked (Fig. 6a). Once Cl~ was added, the morphology of
the SNPs (Fig. 6b) became different. Some of them already
having defects cracked more obviously and would eventually
decompose because of etching. Some of them well protected by
Cl™ showed less cracks and better crystal quality. When the
amount of Cl™ increased to an optimal value, SNPs with excel-
lent structures were obtained (Fig. 6¢). However, when the
amount of C1~ was excessive, the SNPs became thicker (Fig. 6d)
and the by-products increased obviously (Fig. 6e). This is
because an excessive amount of Cl~ will also adsorb on the Ag
{100} facets and promote the vertical growth of the SNPs, as
described in ref. 47.

3.4 Thickness dependent 2D SPP modal characteristic of
SNPs

Previous reports mainly focused on the demonstration of
boundary SPP modes supported by silver-air interfaces of SNPs
because the SNPs were thick.'>'* Here we explained why thinner
SNPs are needed for 2D SPP mode transmission and revealed

Fig. 6 SEM images represent the morphology difference of SNP type
IIl dependent on Cl™ concentration. Cl™ added in the synthesis solu-
tionsis O pL, 20 pL, 50 pL, 100 pul and 250 pL, in (a to e), respectively. (f)
Shows the photograph of the SNP solution corresponding to (c).
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that thickness plays an important role in determining the
modal characteristics of 2D SPP waveguides. The diversity of 2D
modes supported by SNPs can be achieved only when their
thickness decreases to a sub-100 nm level. For 2D SPP wave-
guides,” once the evanescent fields supported by both surfaces
of the SNP couple with each other, the proportion of light
intensity distributed inside silver will be greatly suppressed.
Such coupled SPP modes suffer much smaller ohmic damping
of metal and their propagation lengths increase accordingly.
Here the 2D finite element method (FEM) was employed to
investigate thickness dependent mode characteristics of SNPs
by numerically solving the wave equation.*® By considering the
influence of surrounded dielectrics, we investigated the modal
characteristics of 2D plasmonic waveguide configurations
where SNPs embedded in asymmetric or symmetric dielectrics.
The simulation results in Fig. 7 show that SPP modal charac-
teristics change obviously in both cases when the thickness
decreases down to a threshold value (illustrated by the dashed
lines in Fig. 7a).

For the asymmetric case where the SNP is placed on the glass
substrate (n, = 1.52) and covered by air (n, = 1.0), light can be
tightly confined at metal/dielectric interfaces. For all the wave-
lengths calculated, the propagation lengths of the SPP modes
greatly increase with the decrease of thickness, especially at the
excitation wavelength of 473 nm. Interestingly, the simulated
mode intensity distribution shown in Fig. S9 and S107 further
exhibited that the capacity of mode confinement of thinner
SNPs did not decline obviously, especially for SPP modes with
short wavelengths. Therefore this provides an effective method
to prolong the propagation length of short-wavelength SPP
modes and maintain their mode confinement ability by
decreasing the thickness of SNPs. Such ultrathin SNPs can be
used as a robust platform for remote excitation and manipula-
tion of subwavelength signals.®*>>*

For the symmetric case, the advantage induced by the
thickness decrease of SNPs is more obvious as shown in Fig. 7b.
This is because thin SNPs surrounded by symmetric dielectric
layers support coupling modes where the power ratio

(@)1000 F (b)1000 73 om
g /' g —8—532nm
-E 100 , E 100 —A— 785 nm
3 e g

2 10f H 2 10

5 , g

-] 1 4 —&—473 nm k-] 1

4 E —®—532nm -

5 —A— 785 nm g

£ o0l - . ; . & 0l

50 100 150 200 0 50 100 150 200

Thickness of silver (nm)

Fig. 7 Numerical simulation results of the relationship between the
mode propagation length and SNP thickness for asymmetric (a) and
symmetric (b) 2D SNP waveguides at different excitation wavelengths.
Insets in (a and b) illustrate the cross-sectional view of the mode
distribution at A = 532 nm with different thicknesses (scale bar is 500
nm).

Thickness of silver (nm)

o
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distributed in metal dramatically decreases (discussed in Fig. S9
and S10, ESIt). Therefore, thin SNPs are also favourable for the
construction of long-range SPP waveguides and devices.*® In
addition, as the mode intensity penetrates deeper into the
dielectric layers for ultrathin SNPs (illustrated in insets of
Fig. 7), such thin SNPs can serve as platforms with plasmon
enhanced light-matter interactions, especially suitable for
nonlinear optical applications.*

3.5 Optical characterization of SNP based 2D plasmonic
platform

On the basis of the breakthrough in the synthesis of SNPs with
a thinner thickness and much larger size, we explored their
diverse optical modal and spectral characteristics experimen-
tally using in situ optical microscope imaging together with
a scattering spectrum measurement system taken from a micro-
domain (illustrated in Fig. S11, ESIT). Washed SNPs were placed
onto a glass substrate (17, = 1.52) and surrounded by air (n, =
1.0), regarded as an asymmetric 2D SPP waveguide. Focused
laser beams with different wavelengths were used as the exci-
tation source.

Here we showed that SNP type II and SNP type III with
different morphological features are both suitable for the
construction of a 2D plasmonic platform, however, with dis-
tinguishing features. SNP type III having smooth surfaces
supports the 2D planar propagation SPP mode which uniformly
scattered at the output edges, as shown in Fig. 8. As observed
from the optical excitation images in Fig. 8a and the SEM image
in Fig. 8b, one can see that excited SPP mode with wavelength
A = 473 nm propagated more than 10 pm and uniformly
coupled to optical signals at the other edge. The scattered light
appeared as a 1D linear intensity distribution which can carry
deep subwavelength information. Numerical simulation
employing 3D FEM modeling®® (Fig. 8c) exhibited the mode
intensity distribution of such SPP modes from different cross-
section views. A greatly enhanced light scattering effect can be
observed at the edges of the SNP (indicated by the blue arrows)

Intensity

0 5 10 15
00 (degree)

470 480 490
Wavelength (nm)

Fig. 8
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where the profile area of the scattered output signals reached
~1/50 A orthogonal to the direction of the output edge. This
indicated that light information enhanced by plasmons with
resolution breaking of the optical diffraction limitation can be
effectively coupled into free-space by edge scattering of SNPs.
Optical spectra of the scattered signals at the output positions
were taken using in situ micro-domain measurement modules
designed by Ideaoptics Technology Ltd. China, with a high
resolution as discussed in Fig. S12 and S13.}

For applications such as in situ photocatalysis and optical
sensing at the nanoscale,”'® the magnitude of scattering
intensity needs to be controlled. Previous works demonstrated
a tuning strategy based on changing the polarization of incident
light. However, the electromagnetic field distribution of the
modes was also changed accordingly.’ Here we present an
alternative strategy to control the excitation of SPP modes
without obviously changing their electromagnetic field distri-
bution. A beam splitter prism (BSP) was added into the excita-
tion light path as illustrated in Fig. S11, ESL{ Here ¢
corresponds to the angle between the incident light beam and
the reference axis without the BSP. Once the BSP was added in
the light path, 6 can be continuously changed by rotating the
BSP. We defined a parameter 36 to describe the direction
change of incident light. As shown in Fig. 8a and d, the scat-
tering signals can be controlled by simply rotating the angle of
the BSP. The inset in Fig. 8d recorded the relationship between
the scattered intensity and the relative rotation angle 6 at A =
473 nm. The ‘on’ and ‘off’ states of scattering signals can be
switched at ~12°. Besides, the BSP can also be used to enhance
the imaging resolution as discussed in Fig. S12.1 Excitation
experiments using A = 532 nm and 785 nm are further shown in
Fig. S13, ESL{ The realization of SNP type III based 2D plas-
monic platforms in a wide wavelength range provides a possi-
bility for transmitting and scattering subwavelength
information of uniformly distributed molecules®” or large area
covered 2D materials®® attached on the surface of SNPs with

high resolution.

0 5 10 15
00 (degree)

(e)

Intensity

530 540 550
Wavelength (nm)

(a) Excitation of SPP modes using SNP type Il with different 36 of BSP. (b) SEM image of SNP type Il used for SPP excitation. (c) Top and

lateral view of the light intensity distributions of SNP type Il taken from 3D simulation. (d) Light scattering spectra taken from the output edge
illustrated by the red arrow in (a) as a function of 86. The inset in (d) shows light intensity variation as a function of 86. Analogous results for SNP

type Il are shown in (e—h).
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To further extend the manipulability and enhance the light
confinement volume of SPP waveguides, subwavelength scat-
tering centre fabricated by top-down technologies such as
focused ion beam was demonstrated.'>'* Here we show that the
chemically synthesized nanostructure without post-processing
(shown in Fig. 8e-h) can also serve as a similar platform with
an excellent light scattering enhancement ability. As described
above, the morphological feature of SNP type II is unique as
there are randomly distributed nanoparticles and nanogaps
decorated on the surfaces. Such defects serving as 0D nano
antennas greatly improved the light coupling efficiencies and
promoted significant light scattering enhancement at nano-
scale volumes, known as ‘hot spots’.>** The optical images in
Fig. 8e exhibit the switchable 0D hot spots with tunable scat-
tering intensity at A = 532 nm. Fig. 8g shows the simulation
result describing this deep subwavelength scattering enhance-
ment effect which is induced by the attached small nano-
particles. The intensities of the scattered signal from those
spots are also adjustable utilizing the BSP. Micro-domain
optical spectrum measurements of the single hot spot in
Fig. 8h monitored the intensity response according to the
variation of 3. Such SNPs with plenty of hot spots are excellent
candidates for the development of single molecular detection
and super-resolution bio-imaging.*

3.6 Simultaneous multi-wavelength transmission at
subwavelength range

Using the 2D plasmonic platform, SPP modes with multiple
wavelengths can either propagate along the smooth surface of
the SNPs or be guided and scatter into a single hot spot by the
antenna effect as shown in Fig. S14 (ESIf) and 9. A super-
continuum laser source (SC-PRO, 6W) with an acousto-optic
tunable filter module (AOTF-Pro, Yangtze Soton Laser Co.,
Ltd., China) was used to generate collinear laser beams with
variable wavelengths. The central peak of the laser beam with
a FWHM of ~10 nm can be tuned ranging from 450 nm to
700 nm by the acousto-optic effect. The optical images in Fig. 9
demonstrate that SPP modes can be excited by laser beams with
either a single wavelength or mixed wavelengths together in
a broadband range. Fig. 9h showed that light beams with seven

m-l
“‘
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mixed wavelengths together have been successfully converged
into a single hot spot with high spatial resolution. The
measured scattering spectrum of the hot spot is shown in
Fig. 9i. The successful realization of such directional excitation
of a white color hot spot is due to the effective removal of the
chromatic aberration. By setting the angle of the BSP to an
appropriate value, the dispersion error of laser beams with
multiple wavelengths was eliminated. Meanwhile, acousto-optic
tunable filters can be easily used to control the excitation
intensity of laser beams with different wavelengths, separately.
Therefore, an arbitrary combination of multiple SPP modes can
be guided into a deep subwavelength volume easily which
provides an advanced platform for nonlinear optical effect
study. More details about the multiple wavelength excitation
and characterization are discussed in Fig. S14.}

3.7 Remote excitation of subwavelength scattering light
source

Directional controlling of far-field emission from a sub-
wavelength emitter is a highly expected function of plasmonic
platforms which is useful in molecular sensing and sub-
diffraction limit light source integration.™ In Fig. 10 we
demonstrated the remote excitation and switching of a sub-
wavelength light source using quantum dot (QD) adsorbed 2D
SNPs. To prepare the sample, 5 mL SNP type III solution was
centrifuged twice and dropped on a glass substrate. Then
a mixture of polystyrene/CdS@ZnS QDs film was spin coated on
the substrate and then dried. Fig. 10b shows that focused laser
beam with 2 = 532 nm successfully excited the 2D SPP mode
which propagated along the metal-dielectric interfaces of the
SNP and eventually scattered into free space at the other edge.
In this circumstance, as QDs that adsorbed on the surface of the
SNP were effectively stimulated by the guided SPP modes,
photoluminescence of QDs was observed at the output scat-
tering edges, as shown in Fig. 10d. It was observed that the
plasmon enhanced subwavelength light emitter presented
a linear intensity distribution along the edge of the SNP and
scattered in front. Meanwhile, it can be either turned on or
turned off remotely by simply changing 36 of the BSP, as
compared in Fig. 10c and d.

(d)

500 550 600 650
Wavelength (nm)

Fig. 9 Excitation of SNP type Il using a focused laser beam with wavelengths ranging from 490 nm (a) to 530 nm (b), 550 nm (c), 580 nm (d),
600 nm (e), 620 nm (f), and 650 nm (g), and their mixture in (h). (i) Scattering spectrum taken from a single white color spot in (h).
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Fig. 10 Remote excitation and switching of QDs by a guided 2D SPP
mode supported by SNP type llI. (a) Optical image of SNP covered with
guantum dots/polystyrene mixture. (b) Excitation by focused laser spot
with 2 = 532 nm. (c and d) show the photoluminescence images taken
from the ‘off’ and ‘on’ states by tuning the rotation angle of the BSP.
Here a long-pass filter was used to cut off the excitation light.

4. Conclusions

In summary, the growth kinetics of 2D anisotropic SNP
synthesis were comprehensively studied with a series of
comparison experiments assisted by real-time reaction moni-
toring under optical microscope observation. The important
roles of seed type screening and H' etching behaviours during
the crystal growth process were clarified. Based on these
mechanism elucidations, we successfully realized the fabri-
cation of huge sized single-crystalline SNPs with atomically
flat surfaces, broke the size limitation of ultrathin SNPs (with
an aspect ratio over 1000 : 1), and also obtained SNPs with
various morphological features suitable for nanophotonic
applications. The proposed chemical synthesis strategy with
strengthened self-screening and self-assembly behaviours
provides a promising nanofabrication technology with low
cost and short time consumption alternative to the litho-
graphic process for the building of preconceived crystal
structures. An optical characteristics investigation examined
that a SNP based 2D platform can effectively manipulate light
with plasmons in subwavelength volumes with a high degree
of freedom. Especially, when the thickness of the SNPs was
decreased, the mode propagation properties of 2D SPP modes
in a broadband wavelength range were improved accordingly.
Besides, particular functionalities of 1D and 0D light scat-
tering enhancement with controllable intensities, as well as
remote excitation of gain medium, make such 2D plasmonic
platforms advanced tools for optical processing, remote
molecular sensing, nano-imaging and active nanophotonic
device integration applications.
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