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Abstract
Nanostructured semiconductors exhibit promising optoelectronic properties, such as high
photoluminescence quantum yield and efficient charge separation, making them attractive
materials for applications including photovoltaics, LEDs, and lasers. These superior properties are
often due to improved crystallinity and reduced charge separation distance compared to bulk
semiconductors. As a result, it is desirable to synthesize uniform and highly crystalline
nanostructures of arbitrary composition and placement relative to adjacent materials. Metal halide
perovskites have emerged as a new class of solution-processable, high-performance
semiconductors; however, complex compositions and poorly understood surface chemistry have
precluded the synthesis of uniform perovskite nanostructures. Furthermore, controlled
nanostructured interfaces (e.g. core-shell nanowires), which can dramatically reduce the distance
excited charges must travel to be extracted for useful energy, have not been realized for perovskitebased systems.
Anodic aluminum oxide (AAO) templates allow one to overcome these synthetic
challenges, as they enable the materials general synthesis of both oriented nanowires, as well as
nanotubes that can encapsulate them, with uniform and tunable size. AAO templates are
characterized by a dense array of oriented cylindrical nanopores with tunable diameter, length, and
spacing; herein, their implementation for nanowire synthesis facilitated the study of diameterdependent crystallinity in perovskites using powder X-ray diffraction (XRD) and time-resolved
photoluminescence spectroscopy (TRPL). Compositional generality was also explored by
synthesizing CH3NH3PbI3, CH3NH3PbBr3, and Cs2SnI6 nanowires, all using a simple spin coating
method. Moreover, perovskite-based nanostructured interfaces were designed and synthesized
within AAO pores, wherein desired materials were precisely placed in a core-shell architecture.
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This was accomplished using coaxial lithography (COAL), a powerful electrodeposition-based
technique for the synthesis of nanorings and nanotubes with controllable dimensions and
compositions. Combined with perovskite nanowire synthesis, COAL enabled the preparation of
CH3NH3PbI3 perovskite core – copper thiocyanate shell nanowires. One can use TRPL to monitor
excited charge lifetimes and quantify the advantage of short charge separation distance for charge
extraction; TRPL decay curves showed that the rate of charge extraction from perovskite by an
adjacent semiconductor was accelerated by three orders of magnitude when a radial heterojunction
(as opposed to an axial heterojunction only) was introduced.
Successful synthesis and characterization of core-shell nanowire arrays composed of
complex materials validates AAO as a versatile template for nanomaterials by design. By
combining multiple strategies for nanostructure synthesis within AAO (i.e. electrodeposition and
solution-casting), this work sets the foundation for the development of a diverse library of
composite nanomaterials with compositions, dimensions, and interfaces that can be tailored for a
desired application.

Thesis Advisor: Professor Chad A. Mirkin
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Chapter 1 Introduction
Nanoscale Form Dictates Macroscale Function
Nanostructured materials exhibit unique properties that are distinct from, and can be
superior to, those of bulk materials. These properties have been leveraged to realize significant
advances in a variety of fields, including optics, electronics, catalysis, detection, and medicine. For
instance, noble metal nanoparticles strongly absorb and scatter light and generate intense local
electric fields, arising from the coherent oscillation of conduction electrons, or the localized
surface plasmon resonance (LSPR).1 Moreover, unlike in the bulk, semiconductor nanoparticles
can exhibit wavelength-tunable light absorption and emission peaks when they experience
quantum confinement (i.e. when the size of the nanoparticle is near the Bohr-exciton radius of that
material).2, 3
These properties are highly dependent on the shape, size, and composition of the
nanostructure of interest (Figure 1.1). Accordingly, a high degree of architectural control is desired
for functional nanostructured materials. Significant advances have been made in the colloidal
synthesis of gold nanoparticles, for instance, such that a library of shapes can now be achieved
with high yield and uniformity.4-13 This shape diversity can be exploited to tune the LSPR
wavelength from the visible well into the near-infrared,14 and shape-specific properties can be
realized, including directional ligand binding15 and intense electric field generation near sharp
geometric features.16 The properties of semiconductor nanostructures also exhibit strong sizedependence, as the emission peak of CdSe quantum dots can be tuned over the entire visible
spectrum by changing their size from ~2 to ~5 nm.17 A similar range can be achieved by making
compositional alterations in metal halide perovskite quantum dots.18
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Figure 1.1. Optical effects of shape and size for metallic and semiconducting nanostructures. (a)
UV-vis spectra for colloidal gold nanoparticles of different shape (left): spheres (purple), concave
rhombic dodecahedra (orange), and concave cubes (blue). UV-vis spectra for colloidal concave
cubic gold nanoparticles with 70 nm (blue), 110 nm (green), and 135 nm (red) edge length.19 From
Ashley, M. J.; Bourgeois, M. R.; Murthy, R. R.; Laramy, C. R.; Ross, M. B.; Naik, R. R.; Schatz,
G. C.; Mirkin, C. A. J. Phys. Chem. C 2018, 122, 2307-2314. Reprinted with permission from
ACS. (b) Photograph of CdSe quantum dots (QDs) of increasing size under UV illumination. Photo
credit: J. Adam Fenster, University of Rochester.

Furthermore, architectural control of semiconductors at the nanoscale can have a
significant impact on the performance of optoelectronic devices (e.g. solar cells, light-emitting
diodes, photodetectors, lasers, etc.). In addition to the fundamentally unique properties noted
above, nanostructured semiconductors have been shown to exhibit 1) a higher degree of
crystallinity and 2) faster charge transport as a result of shorter charge separation distances
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20-25

compared to bulk semiconductors (Figure 1.2).

Indeed, highly crystalline semiconductor

nanostructures exhibit sharp and intense light absorption and emission profiles, suppressed nonradiative charge recombination, and high charge mobility.18, 26-30 Moreover, rationally designed
nanostructured interfaces can be leveraged to increase interfacial areas and reduce charge
separation distance, leading to improved efficiency of charge extraction (which is particularly
useful for solar cells).21, 24, 25, 31

a

b

Figure 1.2. High degrees of crystallinity and short charge separation distances achievable using
nanostructured semiconductors. (a) Perovskite nanowire lasers under low (left) and high (right)
excitation fluence. Scale bars are 2 µm.32 From Eaton, S. W.; Lai, M.; Gibson, N. A.; Wong, A.
B.; Dou, L.; Ma, J.; Wang, L.-W.; Leone, S. R.; Yang, P. Proc. Nat. Acad. Sci. U.S.A. 2016, 113,
1993-1998. Reprinted with permission from NAS. (b) InP nanowire array with p-i-n axial junctions
and a transparent conducting oxide (TCO) comprising each nanowire.24 From Wallentin, J.; Anttu,
N.; Asoli, D.; Huffman, M.; Åberg, I.; Magnusson, M. H.; Siefer, G.; Fuss-Kailuweit, P.; Dimroth,
F.; Witzigmann, B. Science 2013, 339, 1057-1060. Reprinted with permission from AAAS.
The Need for Architecture-Controlled, Materials General Methods for Nanostructure
Synthesis
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Ultimately, the functionality of nanostructured materials for optoelectronics typically
depends on the ability to 1) synthesize uniform and high-quality structures of different materials
in a single system and 2) controllably interface them. For instance, transport across interfaces is
critical for the extraction of energetic charge carriers in solar cells.33, 34 Specifically, solar cells are
typically prepared by interfacing an n-type semiconductor with a p-type semiconductor (which can
also be separated by an intrinsic semiconductor to form a p-i-n junction). Perhaps the simplest
approach to achieve such interfaces is to sequentially deposit thin films of these materials to form
planar heterojunctions. While this design can result in efficient solar cells,35, 36 it leads to a tradeoff
between light absorption and charge separation, as excited charge carriers are more likely to
recombine in thicker layers of a light absorbing semiconductor.
Nanostructuring semiconductor materials enables one to overcome this tradeoff, as one can
design their interfaces to dramatically reduce charge separation distance without sacrificing the
thickness of the light absorber.23,

25

While bulk heterojunctions are effective for organic

photovoltaics,37, 38 they are difficult to prepare for inorganic and hybrid materials. Accordingly,
alternative architectures, such as core-shell nanowires, have been targeted for a variety of materials
for which short charge separation distances and large interfacial areas are desired.22,

24, 26, 39

Solution-processing40 and vapor-phase growth methods21 have been employed to synthesize
nanostructured p-n and p-i-n core-shell nanowires with a high degree of architectural control for
inorganic materials such as CdS, Si, GaAs , and InP. Metal halide perovskites,41 however, are an
attractive class of solar cell materials for which uniform nanostructures (and particularly those
controllably interfaced with other materials) have remained difficult to synthesize.
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More specifically, metal halide perovskites have emerged as a semiconductor class
possessing outstanding properties for applications in lasing28, 29, 32, 42 and light-emitting diodes
(LEDs),43 but particularly in solar cells.35, 44-51 Perovskites with the general chemical formula
ABX3 (A = CH3NH3+, HC(NH2)2+, Cs+; B = Pb2+, Sn2+; X = I-, Cl-, Br-) are composed of low-cost
and earth-abundant materials, are solution-processable, efficiently absorb visible light, and exhibit
high charge mobility.49, 51 And, in less than 10 years of research, the power conversion efficiency
(PCE) of perovskite-based PVs has undergone an unprecedented improvement from less than 4%
to over 20%, with marked progress in device stability in ambient atmosphere (Figure 1.3).44, 52
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Figure 1.3. The emergence of metal halide perovskite solar cells. (a) Perovskite crystal structure
with tunable composition.53 From Green, M. A.; Ho-Baillie, A.; Snaith, H. J. Nat. Photon. 2014,
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8, 506-514. Reprinted with permission from Springer Nature. (b) Unprecedented efficiency gains
realized in perovskite solar cells between 2009-2015 (adapted from the National Renewable
Energy Laboratory’s “Best Research Cell Efficiencies,” 2015).
However, a significant issue still facing perovskites is that the highest performing
compositions for solar cells contain Pb; material toxicity could inhibit widespread commercial
deployment. Pb-free perovskites with Sn metal centers have been shown to exhibit photovoltaic
behavior, but device performance fallen behind that of Pb-based perovskites as a result of band
mismatch between the perovskite and conventional charge transport materials, as well as short
charge diffusion lengths (largely due to high defect density caused by the tendency of Sn (II) to
oxidize to Sn (IV)).54-57 Thus, an approach is needed that allows one to: 1) synthesize uniform
perovskite nanostructures of tunable size, such that fundamental insights can be gained about
crystallization at the nanoscale and crystal quality can be maximized, 2) interface perovskite
nanostructures with charge extraction materials with controllable architecture (e.g. a core-shell
nanowire), such that the nanoscale benefit of short charge separation distance can be realized, 3)
easily generalize the synthetic procedure to numerous perovskite compositions, such as Sn-based
perovskites, which exhibit short charge diffusion lengths but alleviate toxicity concerns, and 4)
have the potential to integrate perovskite-based nanostructure arrays into bulk electronic devices.
Current Methods for the Nanoscale Synthesis of High-Performance Semiconductors
The preeminent approaches to synthesize high-quality semiconductor nanostructures have
been vapor-phase growth methods, primarily vapor-liquid-solid (VLS), laser ablation, and to a
lesser extent, molecular beam epitaxy (MBE). Indeed, these methods have been used to prepare
single-crystalline nanowires of Si,21, 58 InP,24 and GaAs59, 60 (Figure 1.4). Moreover, controlled
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doping enables one to generate p-i-n junctions in either the axial or radial dimension, validating
these powerful synthetic methods.

a

b

c

Figure 1.4. Inorganic semiconductor nanowires grown by vapor-phase methods. (a) Scheme (left)
and scanning electron microscope (SEM) image (right) of a radial p-i-n junction Si nanowire.21
From Tian, B.; Zheng, X.; Kempa, T. J.; Fang, Y.; Yu, N.; Yu, G.; Huang, J.; Lieber, C. M. Nature
2007, 449, 885-889. Reprinted with permission from Springer Nature. (b) SEM images of a InP
nanowire array with axial p-i-n junctions within each nanowire.24 From Wallentin, J.; Anttu, N.;
Asoli, D.; Huffman, M.; Åberg, I.; Magnusson, M. H.; Siefer, G.; Fuss-Kailuweit, P.; Dimroth, F.;
Witzigmann, B. Science 2013, 339, 1057-1060. Reprinted with permission from AAAS. (c) SEM
images of a GaAs nanowire array, with gold nanoparticle catalysts clearly visible at the tops of
each nanowire.60
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While these methods generate high-performance nanostructured semiconductors, they
have a number of synthetic limitations. Generally, they require a catalyst for semiconductor
growth; catalysts are typically deposited via top-down lithography to ensure the growth of a dense
array of nanowires. This, however, restricts the area over which nanowires can be grown to the
millimeter scale. Additionally, these methods rely on high temperature steps (and high vacuum, in
the case of MBE), requiring complex synthetic setups. They are also not known to be compatible
with less thermally stable materials, like hybrid perovskites. Furthermore, vapor-phase methods
have not yet been used to dope metal halide perovskites n- or p-type, thus precluding them from
producing junctions needed for functional solar cells. Synthesizing a controlled nanostructured
interface using conventional charge transport materials in perovskite solar cells (TiO245 and
phenyl-C61-butyric acid methyl ester61 for electron transport; Spiro-OMeTAD,45 CuSCN,62 and
NiOx36 for hole transport) would be infeasible using the methods noted above.
Concurrently, significant advances have been made in the synthesis of perovskite
nanomaterials using a variety of techniques (Figure 1.5).18, 27-29, 32, 63-73 The pursuit of perovskite
nanostructures has indeed yielded highly crystalline, high-performance materials, typically using
simple solution-processing methods, such as: anti-solvent crystallization,27, 65 reaction of a solid
metal salt with an organohalide solution,28, 30, 66 and partial dissolution and recrystallization of a
perovskite film.31,

68

The use of solution-based techniques maintains a key advantage of

perovskites, though recent work has also described vapor-solid reactions between perovskite
precursors to yield crystalline nanostructures42 (refer to Chapter 6, Conclusions and Outlook, for
further discussion). Among other results, successful syntheses have led to high photoluminescence

18
quantum yields (compared to perovskite thin films),

27, 30

low threshold lasers,

32

and improved

charge extraction in solar cells.31
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Figure 1.5. Example syntheses of perovskite nanostructures from previous work. (a) Reaction
between PbBr2 with CsBr yields a mixture of nanowires, plates, and aggregated solids.32 From
Eaton, S. W.; Lai, M.; Gibson, N. A.; Wong, A. B.; Dou, L.; Ma, J.; Wang, L.-W.; Leone, S. R.;
Yang, P. Proc. Nat. Acad. Sci. U.S.A. 2016, 113, 1993-1998. Reprinted with permission from NAS.
(b) Partial dissolution and recrystallization of a CH3NH3PbI3 thin film yields a web of nanowires
of disperse size.31 From Im, J.-H.; Luo, J.; Franckevičius, M.; Pellet, N.; Gao, P.; Moehl, T.;
Zakeeruddin, S. M.; Nazeeruddin, M. K.; Grätzel, M.; Park, N.-G. Nano Lett. 2015, 15, 21202126. Reprinted with permission from ACS. (c) Reaction between PbX2 and CsX yields uniform
nanowires, but with no size tunability (X = I, Br).74 From Zhang, D.; Eaton, S. W.; Yu, Y.; Dou,
L.; Yang, P. J. Am. Chem. Soc. 2015, 137, 9230-9233. Reprinted with permission from ACS.
While improvements to shape and size uniformity have certainly been made, no syntheses
have enabled one to synthesize perovskite nanostructures with both a high degree of uniformity
and size tunability. As a result, systematic structure-function investigations of perovskite
nanomaterials have not yet been possible. Furthermore, these methods do not allow one to easily
generalize the synthetic procedure to other perovskite compositions, nor subsequently interface
perovskite nanostructures with another desired material (e.g. a charge extracting material) in a
controlled architecture.

19
Anodic Aluminum Oxide as a Robust Template for the Synthesis of Complex Nanomaterials
with Controllable Dimensions and Interfaces
Anodic aluminum oxide (AAO) templates75-77 are an ideal route to the synthesis of uniform
perovskite nanostructures with tunable size and composition, while presenting the unique
possibility of generating perovskite nanowires that are controllably interfaced with other
semiconductors in a core-shell architecture. AAO templates are characterized by a dense array of
oriented, cylindrical nanopores of tunable diameter, and they are chemically and thermally robust
such that they are stable during the growth of a vast array of materials within their pores.77
Traditionally, electrodeposition has been used to generate nanomaterials within AAO;
electrodeposition is a versatile synthetic technique that is compatible with a variety of materials,
including metals,78-80 simple inorganic semiconductors,76, 80, 81 and semiconducting polymers.79, 80
Indeed, previous work from the Mirkin Group has shown that complex composite nanomaterials
can be generated via stepwise, sequential electrodeposition and selective etching. Specifically, onwire lithography (OWL)78 and coaxial lithography (COAL)80 have been developed for precise
control over nanowire architecture in one and two dimensions, respectively (Figure 1.6).
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Figure 1.6. Complex nanostructures enabled by on-wire lithography and coaxial lithography. (a)
OWL relies on the sequential electrodeposition of target and sacrificial materials. The addition of
an inert backing layer allows the target material to retain the designed spacing in between nanorod
segments, such that small gaps of controllable size can be prepared.78 From Qin, L.; Park, S.;
Huang, L.; Mirkin, C. A. Science 2005, 309, 113-115. Reprinted with permission from AAAS. (b)
COAL expands the material and architecture toolboxes for nanowire synthesis, relying on the
contraction of polymers upon drying. This allows one to subsequently electrodeposit materials as
a tubular “shell” around a polymer “core.” Core-shell nanowires can then be realized; scanning
transmission electron microscope (STEM) and energy-dispersive X-ray spectroscopy (EDX) maps
show a poly-3-hexylthiophene core – CdSe shell nanowire with an embedded plasmonic gold
nanoring (top). The presence of the plasmonic nanoring leads to intense electric field generation
and improves the on/off ratio of the nanowire photodetector near the LSPR mode of the nanoring
(bottom).80 From Ozel, T.; Bourret, G. R.; Mirkin, C. A. Nat. Nanotechnol. 2015, 10, 319-324.
Reprinted with permission from Springer Nature.
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Despite the versatility of electrodeposition, it is not readily compatible with all materials
of interest, including perovskites (at least not in a single step;82 see Chapter 6, Conclusions and
Outlook, for further discussion). Furthermore, ideally one can maintain the simplicity of solutionprocessing (i.e. mixing the relevant precursor materials into a single solution, and boiling off the
solvent to recover solid material) when synthesizing perovskite nanostructures. However, it would
not be feasible to adapt this solution-processing procedure to conventional AAO templates (which
are commercially available in the form of 50 µm-thick membranes) while expecting to observe
uniform, discrete perovskite nanostructures. Accordingly, a method must be developed to prepare
thin (1 µm or less) AAO templates such that uniform perovskite nanowires could be deposited
within AAO pores.
To circumvent this issue, thin AAO templates can be directly prepared on transparent
conducting substrates.81 After evaporation of TiO2 and Al metal onto fluorine-doped tin oxide
(FTO) substrates, the application of a large voltage (15 – 200 V) in the presence of an acid
electrolyte (e.g. oxalic acid, sulfuric acid, malonic acid) induces oriented nanopore formation in
an aluminum oxide film (Figure 1.7). Using this method, one has control over interpore spacing
(via anodization voltage) and thus pore diameter as well as template thickness (via thickness of
the evaporated Al layer). Moreover, templates are inherently bound to a transparent conducting
substrate (with TiO2 acting as an adhesion layer and potentially as an electron extracting material
in a perovskite solar cell) upon their synthesis.
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Figure 1.7. Thin AAO preparation on transparent conducting substrates. Synthetic scheme (top)
and SEM images (bottom) of in-house synthesized AAO templates.
Templated synthesis provides synthetic flexibility not attainable using conventional
solution-phase (colloidal) or vapor-phase nanostructure syntheses. Indeed, generalizing
nanostructure synthesis to different materials (and tuning the sizes of those nanostructures) does
not require the use of ligands or development of new surface chemistries; additionally, the
compatibility of AAO with a wide variety of materials enables one to controllably interface
nanostructures in ways that could not be achieved any other way. Specifically, the use of thin AAO
templates should enable: 1) the synthesis of uniform perovskite nanowires of tunable size and
composition, 2) the preparation of controlled nanostructured interfaces with tubular shell structures
via COAL, and 3) nanostructures to be oriented within spatially discrete pores and connected to a
transparent conducting substrate.
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Achieving Generalized Metal-Molecule Interfaces using Surface-Bound Anisotropic Gold
Nanoparticles for Surface-Enhanced Raman Spectroscopy
Beyond nanostructured semiconductors, one can exploit the LSPR of noble metal
nanostructures to detect small molecules using surface-enhanced Raman spectroscopy (SERS).83,
84

Indeed, Raman scattering is significantly enhanced (typically by 104 – 108) when a target analyte

is on or near a metal nanoparticle surface,85 and thus SERS has been validated as a valuable
technique for the rapid, specific, nondestructive detection of small molecules. When designing
metal nanoparticles for use in SERS substrates, one should consider how to 1) maximize the
intensity of electric field generation near the nanoparticle surface, and 2) generalize the type of
molecule that can “interface” with the nanoparticle (localize within ~1 nm86) such that a broader
range of molecules can be detected.
While spherical gold nanoparticles are simple to synthesize and their SERS capabilities
can be studied in detail,87 the advent of scalable, high yielding, uniform, and tunable anisotropic
nanoparticle syntheses provides access to materials with improved plasmonic properties.4, 11-13, 8890

Previous studies show that, compared to spheres, anisotropic nanoparticles exhibit more intense

electric fields typically localized near sharp geometric features and LSPR wavelength tunability
over a broader range.4, 7, 8, 16, 91-95 These properties are expected to significantly improve SERS
enhancement, particularly when one maintains a high degree of uniformity in nanoparticle shape
and size.16,

96

However, one must consider the chemical consequences of using solution-

synthesized anisotropic nanoparticles for applications in which nanoparticle surface access is
critical; controlled anisotropic growth often occurs in a solution containing concentrated
surfactants (such as cetyltrimethylammonium bromide, or cetylpyridinium chloride) that coat and
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block access to the nanoparticle surface. Subsequent attempts to remove significant fractions of
those ligands in solution can lead to irreversible nanoparticle destabilization and aggregation.
One approach to overcome this issue is to first immobilize the nanoparticles by adsorbing
them onto a substrate, such that surface ligands can be removed in a subsequent step while
maintaining spatially discrete, stable nanoparticles. Common filter paper represents an inexpensive
and flexible substrate onto which nanoparticles can be easily adsorbed and stabilized.97 Herein,
advances to “plasmonic paper” (i.e. plasmonic nanoparticles adsorbed onto filter paper) are
described, showing that gold nanoparticles of controlled shape and size can be grown from
spherical seeds coated on the fibrous three-dimensional network that comprises filter paper.
Additionally, the benefits of nanoparticle shape and size control are quantified by comparative
SERS detection of 1,4-benzenedithiol (BDT, which has a strong affinity for gold and displaces
nanoparticle surface ligands). Importantly, surface ligands can be partially removed without
causing unwanted aggregation using a Soxhlet extraction; the additional surface sites exposed by
this method are leveraged to detect the neurotransmitter serotonin (which has a weak affinity for
gold) at biologically relevant concentrations (down to 100 nM).98,

99

These results validate

plasmonic paper as a promising and versatile detection platform, which in principle can be used to
detect any molecule with a Raman signature.
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Chapter 2 Templated Synthesis of Uniform Perovskite Nanowire Arrays

Summary: While the chemical composition of semiconducting metal halide perovskites can be
precisely controlled in thin films for photovoltaic devices, the synthesis of perovskite
nanostructures with tunable dimensions and composition has not been realized. Here, we describe
the templated synthesis of uniform perovskite nanowires with controlled diameter (50-200 nm).
Importantly, by providing three examples (CH3NH3PbI3, CH3NH3PbBr3, and Cs2SnI6), we show
that this process is composition general and results in oriented nanowire arrays on transparent
conductive substrates.

From Ashley, M. J.; O’Brien, M. N.; Hedderick, K. R.; Mason, J. A.; Ross, M. B.; Mirkin, C. A.
J. Am. Chem. Soc. 2016, 138, 10096-10099. Reprinted with permission from ACS.
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Introduction
Efficient visible light absorption and long charge carrier diffusion lengths make metal
halide perovskites an appealing class of low cost, solution-processable materials for nextgeneration solar cells and other optoelectronic devices.41, 44, 45, 49-51 Due to their ease of preparation
and impressive performance, most investigations of perovskite materials have utilized thin film
architectures modified in their chemical composition. More recently, several groups have
attempted to synthesize perovskite nanowires63 to further improve crystallinity28, 29, 32, 42 and charge
extraction in photovoltaics.31 From these early studies, it is apparent that syntheses integrating
nanowires into device architectures should: 1) maintain the ease of use and solution processability
of thin film preparations, 2) produce uniform structures in contact with a transparent conductive
electrode, and 3) orient nanowires within an inert scaffold to eliminate shunting pathways.
Previous approaches to perovskite nanowire synthesis include: anti-solvent crystallization,27, 65
reaction of a solid metal salt with an organohalide solution,28, 30, 66 and partial dissolution and
recrystallization of a perovskite film.31,

68

While significant advances have been made, these

methods often result in low yields of nanowires—typically as mixtures of rods, wires, plates, and
aggregated spheres—with large variations in size.27, 28, 30, 32, 65 To the best of our knowledge, the
most uniform reported perovskite nanowires exhibit ~20% variation in diameter with no control
over average size.74 These structural inhomogeneities preclude a systematic investigation of how
nanoscale architecture impacts the optoelectronic properties, and ultimately the device
performance, of perovskite nanomaterials.
To overcome these limitations, we employed anodized aluminum oxide (AAO)
templates75-77 with oriented, cylindrical nanopores to synthesize uniform perovskite nanowire
arrays. AAO represents an ideal template for nanowire synthesis, because: 1) it can be directly
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prepared on transparent conductive substrates for subsequent device integration, 2) pore diameter
can be finely tuned to control nanowire diameter (D), and 3) the formation of spatially discrete,
oriented nanowires enables systematic structure-function characterization. Traditionally,
electrodeposition has been used to generate nanomaterials within AAO, including metals,78-80
simple inorganic semiconductors,76, 80, 81 and polymers.79, 80 However, many materials, such as
metal halide perovskites, cannot be reliably electrodeposited in a single step.82 This necessitates
the development of an alternative method in which AAO can serve as a template for the formation
of perovskite nanowires.
Here, a perovskite precursor solution is added to an AAO template, followed by a
dissolution and recrystallization of the material. Using this technique, large-area perovskite
nanowire arrays can be synthesized with D dictated by the AAO pore diameter (from 50 to 200
nm). By virtue of the template used, this results in nanowires oriented perpendicular to a
transparent conductive electrode (TiO2/fluorine-doped tin oxide (FTO) glass). Importantly, we
demonstrate that this process is composition general and can be used to synthesize organometal
halide perovskite (CH3NH3PbI3, CH3NH3PbBr3) and all inorganic perovskite (Cs2SnI6) nanowires.
X-ray diffraction (XRD) shows that crystal quality depends on diameter, and correlates well with
time-resolved photoluminescence (PL) spectroscopy measurements.
Results and Discussion
In a typical experiment, a layer of TiO2 was deposited onto FTO glass according to
literature methods.46 Aluminum was then evaporated onto these substrates followed by anodization
to induce nanopore formation. In this process, the applied anodization voltage dictates the interpore
spacing.77, 81 A subsequent pore refinement step79 results in uniform pore diameters and dissolves
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the barrier layer at the bottom of each pore. To form CH3NH3PbI3 nanowires in these templates,
a CH3NH3PbI3 precursor solution in dimethylformamide (DMF) was added and allowed to
penetrate the pores of AAO, followed by removal of excess liquid from the template surface and
annealing (Figure 2.1a, I). While this step results in crystalline perovskite nanowires, solvent
evaporation from the AAO surface during annealing led to material contraction such that much of
the perovskite material within the template did not touch the bottoms of the pores. Additionally, a
thin perovskite film remained on the surface of the AAO.
To address these shortcomings, we employed a surface-cleaning step where a syringe pump
dispensed a solution of dimethyl sulfoxide (DMSO) and chlorobenzene on the top of a rapidly
rotating AAO template (Figure 2.1a, II). This solvent mixture dissolved the perovskite (as
evidenced by a color change from dark red to transparent), removed residual material from the
AAO surface, and drew liquid into the pores via capillary and centrifugal forces (Figure A.1.2).
Subsequent annealing led to perovskite recrystallization (returning to a dark red color) and
nanowire formation at the bottoms of the pores. In this process, the high surface area at the pore
bottoms relative to the pore walls likely favors preferential nucleation and material growth at these
locations. As there is no chemical difference, we assume that the precursor materials crystallize
similarly as they do within mesoporous scaffolds;45 in this case, solid CH3NH3PbI3 conforms to
the cylindrical shape of the AAO pores and forms nanowires. Importantly, this synthetic procedure
can be used to generate nanowire arrays over 75 cm2 (Figure 2.1b) with uniform dimensions across
the sample (Figure A.1.3). To test whether this procedure is amenable to size control, templates
with different pore diameters were then prepared (Figure A.1.4). Indeed, CH3NH3PbI3 nanowires
ranging from D = 50-200 nm (Figure 2.1c-g) can be easily synthesized. Importantly, the dispersity
in D was <10% for most samples, as determined by SEM (Figure 2.1).
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Figure 2.1. Synthesis of perovskite nanowires in AAO. (a) A CH3NH3PbI3 precursor solution
penetrates the AAO pores, followed by spin coating and annealing (I); the sample is exposed to a
DMSO:chlorobenzene solution followed by a short annealing step (II). (b) Photograph of a ~9 x 9
cm nanowire array. Cross-section scanning electron microscope (SEM) images of nanowires with
diameters of (c) 50.3 ± 6.5 nm, (d) 70.0 ± 6.8 nm, (e) 107 ± 9.4 nm, (f) 155 ± 13 nm, and (g) 199
± 19 nm. Nanowire lengths are consistently ~425 nm (Figure A.1.1). Scale bars are 500 nm.
To better understand the effect of D on crystallinity, each sample was characterized by
XRD. These measurements confirmed that the target perovskite crystal structure was achieved for
each of the nanowire samples (Figure A.1.5). Subsequently, Williamson-Hall (WH) analysis was
used to evaluate the relative crystallinity of each sample.100 This analysis separates the
contributions of lattice strain (εWH) and crystallite size to peak breadth. To perform this analysis,
the full-width at half maximum101 of five diffraction peaks characteristic of the CH3NH3PbI3
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perovskite crystal were plotted versus the diffraction angle (θ). For each sample, the data fit well
to a linear model, as expected. Interestingly, D = 110 nm nanowires reproducibly exhibited the
smallest absolute εWH, with greater εWH at both larger and smaller D (Figure 2.2a, Figure A.1.6).
This property is consistent with reduced defect density, which is directly related to the rate of
charge recombination.
To elucidate structure-function relationships in perovskite nanowires, time-resolved PL
spectroscopy experiments were performed to analyze charge transport dynamics.50 Decay curves
were fit to a biexponential function, such that two distinct populations of excited charge carriers
(i.e. those that undergo fast surface recombination vs. slow bulk recombination)102 could be
described.103 For this comparative study, we report the overall characteristic lifetime (τc, which
accounts for both populations of charge carriers) as a concise metric to evaluate charge transport
within each nanowire sample (Figure 2.2b,c; Table A.1.1). As expected from WH analysis, D =
110 nm exhibited the longest τc (~60 ns), with reductions in τc observed with both increased and
decreased D. The correlation between εWH and τc suggests that charge carrier lifetime is largely
controlled by defect-driven lattice strain in these experiments (refer to the Additional Discussion
section at the end of Chapter 2).
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Figure 2.2. Structure-function relationships in CH3NH3PbI3 nanowire arrays. (a) Estimated strain
from WH analysis for different nanowire diameters (negative values signify lattice contraction).
(b) Average τc for different nanowire diameters. (c) Representative PL decay curves.
To demonstrate the general nature of this approach, perovskite nanowires with a variety of
compositions were synthesized. In particular, halide substitution is known to enable bandgap
tunability in organolead halide perovskites (~1.55 – 2.3 eV).48 Use of the appropriate precursor
solution and surface cleaning conditions indeed led to CH3NH3PbBr3 nanowires with similar
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uniformity (Figure 2.3a). Beyond organolead halide perovskites, Cs2SnI6 has been investigated
more recently as an inorganic, air-stable, lead-free alternative.104, 105 After the synthesis of Cs2SnI6
powder,104 an analogous method was employed to deposit Cs2SnI6 nanowires from a single
precursor solution (Figure 2.3b). XRD confirmed the expected crystal structures for both
CH3NH3PbBr3 and Cs2SnI6 nanowires (Figure 2.3c, Figure A.1.7), and to the best of our
knowledge, Cs2SnI6 nanostructures have not been synthesized using any other method.
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Figure 2.3. Compositional generality in the templated synthesis of perovskite nanowires. Crosssection SEM images of (a) CH3NH3PbBr3 and (b) Cs2SnI6 nanowires. Scale bars are 500 nm. (c)
Powder XRD patterns of CH3NH3PbBr3 and Cs2SnI6 nanowires.
Conclusions
This work establishes a composition general method to synthesize perovskite nanowires
with controlled diameter. Though a method of selective template dissolution is required for more
advanced structural characterization (e.g. determining whether the nanowires are single
crystalline), perovskite nanowires within AAO—which have not previously been reported for
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these compositions—are more uniform than those synthesized by other methods.

27, 28, 31, 63, 74

Additionally, this technique does not require the use of unique ligands or surface chemistries for
each new perovskite composition. The substrates used for synthesis (TiO2/FTO-bound AAO)
should enable a facile transition from fundamental nanowire characterization to array photovoltaic
device fabrication, as TiO2, FTO, and AAO can act as a hole-blocking layer, transparent anode,
and stabilizing scaffold, respectively, in an operational device. Thus, this establishes a route to
perovskite-based, oriented nanowire array photovoltaics, which could be systematically modified
in nanowire diameter, length, spacing, and composition to achieve optimal device performance.

Methods
Materials
Fluorine-doped tin oxide (FTO, 13 Ω/sq), absolute ethanol, methylamine solution (33% in
ethanol), 57% HI (stabilized in water, 99.95%), PbCl2 (99.999%), PbBr2 (99.999%), 48% HBr (in
water, ≥99.95%), N,N-dimethyl formamide (DMF, 99.8%, anhydrous), dimethyl sulfoxide
(DMSO, ≥99.5%), chlorobenzene (≥99.5%), 1,2-dichlorobenzene (99%, anhydrous), isopropanol
(≥99.5%), Cs2CO3 (99.995%), oxalic acid (99.999%), malonic acid (99%), sodium hydroxide
(pellets, ≥98%), and poly(3-hexylthiophene-2,5-diyl) (P3HT, 99.995%) were purchased from
Sigma Aldrich, USA, and used as received. Titanium isopropoxide (95%) and tin (IV) iodide (ultra
dry, 99.998%) were purchased from Alfa Aesar, USA. HCl was purchased from Macron
Chemicals, USA. Aluminum pellets (99.999%) were purchased from Kurt Lesker, Inc., USA. All
chemicals were used as received.
Nanowire Synthesis
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In a typical experiment, FTO-coated glass was washed with water, ethanol, and
isopropanol, and then dried. Samples were then cleaned under O2 plasma for 1 minute, and coated
with a compact layer of TiO2 by spin coating a solution of titanium isopropoxide in ethanol (175
µL C12H28O4Ti, 2.5 mL absolute ethanol, 1 µL concentrated HCl; spin coated at 2000 rpm for 1
minute).46 Samples were annealed at 500°C for 30 minutes. We then used a thermal evaporator
(Lesker Nano38, Kurt Lesker, Inc.) to coat samples with approximately 650 nm of aluminum.
Anodization was then carried out to induce nanopore formation such that we could generate
anodized aluminum oxide (AAO) templates bound to a TiO2/FTO glass substrate.81 Electronic
connection to the Al surface was made using copper tape; typically, a ~3 cm2 area of Al (though
arbitrarily large areas of Al can be anodized, enabling us to generate large areas of AAO as shown
in Figure 2.1b) was positioned under a Pt mesh electrode and anodized (at varied potentials) under
exposure to acidic electrolyte (either oxalic or malonic acid in this study). It is well known that
oxalic acid and malonic acid are effective electrolytes in the anodization potential ranges of ~3060 V and ~90-140 V, respectively; additionally, we note that AAO templates exhibit a final
thickness of 700-725 nm due to volume expansion, as expected.77 Potentiostatic anodization of
thin Al films results in known current behavior81 that can be used to monitor anodization progress.
Upon completion, anodized surfaces appeared transparent, and were subsequently washed with
water and dried.
Samples were then pore-refined79 using 0.25 M aqueous NaOH, which slowly dissolves
AAO, providing control over the pore diameter and dissolving the barrier layer at the pore
bottoms.81 This process is typically referred to as “pore-widening,” but we use the term “porerefining” to differentiate between the use of aqueous H3PO4 and aqueous NaOH. In a previous
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study, we showed preliminary data suggesting that NaOH can be used to treat commercially
available AAO templates before any material deposition to improve pore uniformity.79 Here, we
show that NaOH can be used to synthesize AAO templates, and subsequently nanowires, with
diameters largely varying by <10% (Figure 2.1). Importantly, the use of NaOH also significantly
shortens the time needed for this step (<10 minutes, vs. 1-3 hours with H3PO4; refer to Figure
A.1.4 for anodization voltages and pore-refining times).
After anodization, AAO templates were washed with water and dried (note: the following
synthetic procedure is identical for all CH3NH3PbI3 nanowire diameters). To improve wetting
across the AAO surface, samples were cleaned in O2 plasma for 1 minute prior to exposure to
perovskite precursor solutions. CH3NH3PbI3 precursor solution (42.5% wt. mixture of 3:1 molar
ratio of CH3NH3I and PbCl2 in DMF) was dispensed onto the AAO surface and allowed to
penetrate the AAO pores for 1 minute. Excess liquid was then spin coated off of the template at
3000 rpm for 10 s, followed by annealing at 100°C for 45 minutes on a hot plate in air. Though
some solid perovskite remained on the AAO surface, this step was designed to minimize residual
surface material while maximizing the amount of material within the AAO pores. Samples were
allowed to cool to room temperature. Surface cleaning was then performed by preparing a solution
of 4% DMSO in chlorobenzene (v:v), and dispensing it onto the sample surface while it rapidly
rotated on a spin coater. Specifically, we used a syringe pump to dispense 400 µL of this solution
at 100 µL/s while the samples spun at 8000 rpm for a total of 8 s. Samples quickly became
transparent upon exposure to this solution, after which they were immediately placed on a hot plate
at 100°C in air for 5 minutes (regaining their dark red color). CH3NH3PbI3 is highly soluble in
solvents such as DMF and DMSO, while nearly insoluble in chlorobenzene, without a known
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solvent for intermediate solubility. To engineer the solubility of CH3NH3PbI3 for the
dissolution/recrystallization step, we chose a mixture of solvents. Here, chlorobenzene dilutes
DMSO (a commonly used precursor solvent for CH3NH3PbI3); subsequent recrystallization from
DMSO could be aided by a transition through an intermediate CH3NH3I – DMSO – PbI2 complex
as has been previously observed.106 Note that large-area samples (Figure 2.1b) were annealed in a
vacuum oven at 100°C, and a spin speed of 5000 rpm was used for the surface cleaning step (in
which 600 µL cleaning solution was dispensed at 150 µL/s).
For CH3NH3PbBr3 samples, the exact same procedure was employed, except a
stoichiometric mixture of CH3NH3Br and PbBr2 (37.5% wt. in DMF) was used as the precursor
solution, 300 µL of an 8% solution of DMSO in chlorobenzene was used as the surface cleaning
solution, and both annealing steps were carried out at 100°C for 5 minutes. CH3NH3I and
CH3NH3Br were synthesized according to well-known procedures.48
Due to differences in precursor solubility, a slightly different procedure was adapted for
Cs2SnI6 samples. First, a thicker AAO template was used (~1.25 µm) such that material deposition
into the pores could be increased. Solid Cs2SnI6 was synthesized according to an established
procedure (via the reaction of SnI4 in warm ethanol and an aqueous acidic CsI solution)104 such
that our technique (which requires that the target material can be deposited from a single precursor
solution) could be applied. We found that greater solubility of Cs2SnI6 could be achieved in water
vs. DMF, making water the better choice of solvent for our experiments. Specifically, a 20% wt.
of Cs2SnI6 in water was prepared by sonication for ~40 minutes, or until the solution changed from
black to pale yellow (indicating complete dissolution, though a slight black tint often remained).
This solution was prepared fresh for each use, as less than 45 minutes after preparation, the solution
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changed from pale yellow to orange, which was accompanied by the precipitation of particulates.
This could be the result of Cs2SnI6 hydrolysis, in which some insoluble byproducts form over time.
However, XRD indicates that we are able to recrystallize Cs2SnI6 from water with minimal
impurities (Figure A.1.7). AAO templates were plasma cleaned, then exposed to the precursor
solution for 2 minutes before spin coating at 1500 rpm for 5 s and annealing at 110°C for 30 s. The
surface cleaning step was then carried out using 100 µL of 4.5% water in isopropanol (v:v, still
dispensed at 100 µL/s) followed by annealing at 110°C for 30 s. We also note that less pronounced
color changes occur as a result of the surface-cleaning and subsequent annealing steps for Cs2SnI6
samples.
SEM Imaging
Typically, an aqueous solution of either H3PO4 or NaOH would be used to dissolve AAO
and release the nanowires into solution for imaging and further characterization. However, these
perovskites are highly soluble in water and other polar solvents, and aluminum oxide is soluble in
very few alternative solutions. Accordingly, the determination of an appropriate solution to
selectively dissolve AAO is a subject of ongoing investigation. This would enable the transfer of
perovskite nanowires to different substrates for more advanced characterization techniques that
are not feasible at present (e.g. high-resolution TEM, selected-area electron diffraction).
Accordingly, we cannot currently make definitive claims about single crystallinity vs.
polycrystallinity nor a direct measurement of defect density in each nanowire sample. If the
nanowires are indeed polycrystalline, this would be disadvantageous compared to other synthetic
methods. However, while yielding single crystalline nanowires, previous syntheses28,
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have

lacked the structural uniformity and tunability necessary to perform systematic structure-function
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studies as we have demonstrated in this work. Beyond uniformity, we have achieved nanowire
orientation and potential integration into an array photovoltaic device, which have been quite
difficult to realize via solution-based syntheses as previously reported.
Here, cross-section images of perovskite nanowires within AAO were obtained. Imaging
was performed using a Hitachi SU8030 Scanning Electron Microscope (SEM) at 5 kV and 10 µA.
Cross-sectional AAO samples (Figures 2.1, 2.3) were prepared by cutting the underside of the
glass substrates with a tungsten carbide glass scribe until the sample cleaved in half. Samples were
then placed on a 90° SEM stub for imaging. This is an imperfect method for imaging, as some
nanowires escape the AAO pores inherently upon cross-section sample preparation. However, this
process was significantly improved with the addition of a P3HT film to the AAO surface via spin
coating (20 mg/ml P3HT in dichlorobenzene, spun at 3000 rpm for 10 s) prior to sample cutting.
We hypothesize that the P3HT could (1) reduce the force that the nanowires experience upon
cracking of the glass substrate and AAO template and (2) make some contact with nanowires
within the template to reduce the likelihood that they escape the AAO pores. P3HT is also
conductive and could contribute to improved image quality.
For reported dimension statistics (Figure 2.1), diameters of at least 50 nanowires were
measured using ImageJ image processing software.
Powder X-ray Diffraction and Williamson-Hall Analysis
PXRD was performed using a Rigaku Dmax X-ray diffractometer. Patterns were acquired
from 10° to 55° with a step size of 0.008°. Full-width at half maximum (FWHM) values of the
relevant peaks were fit to a Gaussian model using MDI Jade X-ray pattern data analysis software
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after background subtraction. These values were subsequently used for Williamson-Hall
analysis.100 Specifically, we employed equations more recently described101 in order to separate
the contributions of lattice microstrain and crystallite size to peak breadth (here measured by
FWHM). Guided by the equation FWHM*cosθ = kλC-1 + 4ε sinθ, where θ is the diffraction angle,
k is a broadening constant, λ is the wavelength of radiation, C is the estimated crystallite size, and
ε represents microstrain, we plotted FWHM*cosθ vs. 4sinθ and obtained linear fits (Figure A.1.6).
The slope obtained from these linear fits provides an estimate of lattice microstrain (presented for
various nanowire diameters as percentages in Figure 2.2a) and the y-intercept enables one to
estimate the relative crystallite sizes in each sample (Figure A.1.6f; we avoid making quantitative
conclusions about crystallite size based on these PXRD data).
Time-Resolved Photoluminescence Spectroscopy
Time-resolved PL data were obtained using PicoQuant’s FluoTime 300 spectrometer.
Solid samples were photoexcited with a 510 nm laser (laser fluence ~2.5 µJ, ~4 mm2 spot size).
The resulting data were fit to a biexponential decay function using FluoFit software. Ten data
points were acquired for each nanowire diameter over multiple samples and multiple spots within
each sample (Figure 2.2b).
Additional Discussion
Data for the biexponential decay fits are presented below (Table A.1.1). The data describe
two distinct populations of charge carriers (those that undergo fast (~15-30 ns) vs. slow (~70-160
ns) recombination). The biexponential fits provide insight as to what percent of total charge
carriers can be described by each decay mechanism (A1 and A2) in addition to the average lifetime
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of charge carriers described by each decay mechanism (τ1 and τ2, defined as the time at which 1/e
(~0.367) of charges described by a certain decay mechanism are still excited). These quantities are
all valuable for a thorough analysis of overall charge transport (including information regarding
the type and density of defects) in a given sample. In the main text, we present τc (the overall
characteristic lifetime, defined as the time at which 1/e of the total charge carriers remains in the
excited state) as a more concise metric for evaluating which nanowire diameter is “best” for charge
transport. This value incorporates all relevant data from the biexponential fit (i.e. A1, A2, τ1, and
τ2), and accordingly we felt it was most appropriate for making an overall conclusion.
However, further analysis of Table A.1.1 provides some additional insights. From largest
to smallest nanowires, we first see an increase in τc until it reaches a maximum for the intermediate
110 nm diameter, followed by a decrease as discussed in the main text (Figure 2.2). This correlates
well with both microstrain (Figure 2.2a) and relative crystallite size (Figure A.1.6f). While WH
analysis and time-resolved PL are proxies for defect density within the perovskite nanowires, these
data correlate well and strongly suggest that defect density follows the same trend. Here, we offer
a potential explanation for this trend. We hypothesize that an initial diameter reduction leads to a
higher quality perovskite crystal, as physical confinement within a smaller space leads to the
formation of fewer defects (perhaps the diameters studied here are near the average distance
between crystalline defects that form during solution-processing of CH3NH3PbI3). However,
material surfaces are often associated with crystalline defects, so decreasing the diameter does not
continue to be advantageous. Once we reduce the diameter below a certain threshold (~110 nm),
the effect of increased surface area becomes more relevant, leading to shorter τc for the smallest
nanowires.
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We also observe a trend of increasing A2 with smaller nanowire diameter, indicating that a
larger percentage of charges decay via the long-lived mechanism. This makes sense, if one argues
that smaller nanowires provide less space for charges to travel, and thus it would be more likely
for charges in the bulk to randomly collide and recombine. This is also supported by shorter τ1 and
τ2 in 50 and 70 nm diameter samples vs. 110 nm samples. Here, reductions in both the long-lived
and short-lived lifetimes are observed, indicating that recombination generally happens faster in
smaller nanowires. Furthermore, Williamson-Hall analysis suggests that very similar microstrain
and average crystallite sizes are present in 70 and 110 nm nanowires, yet 110 nm nanowires exhibit
a significantly longer τc than 70 nm nanowires. We attribute this difference to a similar argument,
in which random charge diffusion is more likely to result in recombination in smaller nanowires.
Overall, we hypothesize that the intermediate 110 nm diameter leads to the best charge
transport as it balances the effects of improved crystallinity (initially observed upon diameter
reduction) while being large enough to avoid the fast recombination and large surface area
associated with smaller nanowires. As a final note, we speculate that the PL lifetimes reported here
represent the lower-bound estimates of the actual lifetimes in perovskite nanowires synthesized in
this way. This is because TiO2, an electron acceptor, was present at the bottom of each pore when
these measurements were acquired. As a result, some electrons are very likely quenched by the
TiO2 (rather than undergoing radiative recombination or defect-mediated non-radiative
recombination within the nanowires), leading to an artificially low estimate of the true charge
carrier lifetimes.
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Chapter 3 Solution-Dispersible Metal Nanorings with Controllable Compositions and
Architectural Parameters for Tunable Plasmonic Response

Summary: We report a template-based technique for the preparation of solution-dispersible
nanorings composed of Au, Ag, Pt, Ni, and Pd with control over outer diameter (60 to 400 nm),
inner diameter (25 to 230 nm), and height (40 nm to a few microns). Systematic and independent
control of these parameters enables fine-tuning of the three characteristic localized surface
plasmon resonance modes of Au nanorings and the resulting solution-based extinction spectra
from the visible to the near-infrared. This synthetic approach provides a new pathway for solutionbased investigations of surfaces with negative curvature.

From Ozel, T.; Ashley, M. J.; Bourret, G. R.; Ross, M. B.; Schatz, G. C.; Mirkin, C. A. Nano Lett.
2015, 15, 5273-5278. Reprinted with permission from ACS.
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Introduction
Advances in lithographic and synthetic techniques have enabled the realization of a variety
of complex nanoscale structures.107, 108 Indeed, the architectural control provided by such methods
has led to the discovery of important structure-function relationships in the context of optics,109
electronics,110 and catalysis.111 This control has been especially important in developing an
understanding of the plasmonic properties of nanostructures where the composition, size, and
shape of a given structure can dramatically affect the number, type, and intensity of surface
plasmon resonances.1 This fundamental understanding and structural control have led to the
development of novel materials that have been used for surface-enhanced spectroscopies,112-114
biological probes,115, 116 nanoscale rulers,117 plasmonic metamaterials,118 anisotropic emitters,119
nanoscale lenses,120, 121 and stimuli-responsive structures for controlling intracellular events.122-124
Although there are now reliable methods for synthesizing metallic structures with well-defined
and in certain cases exotic geometries, such as triangular prisms,125, 126 disks, rods,4, 6 wires,78
numerous polyhedra, and stellated nanoparticles,127 there are other geometries, such as rings,128
split-rings,129 and bow-ties130 that often must be fabricated via site-directed top-down methods.
Indeed, one can use techniques like colloidal lithography128, 131 and e-beam lithography132, 133 to
make small quantities of certain structures that cannot be made via conventional solution-based
chemistry.

The nanoring architecture is one shape that is both interesting from a plasmonics standpoint
and difficult to realize via solution-based synthetic methods. Metal nanorings have unique
electromagnetic properties in that they can support three different localized surface plasmon
resonances (LSPR, one face, one in-plane, and one out-of-plane, see Figure A.2.1 for a geometric
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scheme) and can focus incident light inside as well as outside their cavities.

134

Interestingly,

nanorings also have a surface of negative curvature. Such surfaces exhibit distinct physical and
chemical properties compared to those with positive curvature as they demonstrate fundamentally
different surface effects135 and an inverse orientation of surface-bound ligands,136 which can be
exploited to induce thermodynamically or electronically preferential interactions in solution. To
thoroughly study nanoring structures, one needs a solution-based method with precise control over
their composition and the three key architectural parameters that define them (i.e., outer diameter,
inner diameter, and height), all of which affect their plasmonic characteristics. Although there have
been advances focused on synthesizing solution-dispersible nanorings via galvanic replacement
reactions137, 138 and template-mediated syntheses,139, 140 none allow one to systematically prepare
structures with independent control over composition and nanoring outer diameter, inner diameter,
and height. Herein, we describe a novel method for preparing such nanoring architectures based
upon coaxial lithography (COAL)80 and show that the technique can be used to prepare Au, Ag,
Pt, Ni, and Pd nanoring structures with outer diameters deliberately and independently varied over
the 60 to 400 nm range, inner diameters over the 25 to 230 nm range, and height over the 40 nm
to several µm range.

Results and Discussion
The synthesis of metal nanorings using COAL (scheme depicted in Figure 3.1 and
explained in detail in the Methods section) was performed by sequential electrodeposition of
various target and sacrificial materials into porous anodized aluminum oxide (AAO) templates
using a conventional three-electrode electrochemical setup (see Figure A.2.2 for details regarding
an optional “pore refinement” step).78, 80, 141, 142 In a typical experiment, a silver segment was first
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electrodeposited within each pore to ensure a consistent conductive interface between the
evaporated silver film78, 80, 141, 142 and the subsequently deposited segments. A sacrificial nickel
segment was then electrodeposited, functioning as a stable base for the subsequent potentiostatic
electropolymerization of aniline to prepare polyaniline (PANI) nanorods inside the AAO
membrane (Figure 3.1, step I). Vacuum drying of the PANI nanorods induced contraction, creating
space between the nanorods and the pore walls of the template (II).80, 143-145 Nanorings were formed
by successive electrodeposition of a sacrificial metal segment and a target material around the
PANI nanorod core with outer diameters that can be controlled by pore-widening with 0.5 M
NaOH (III). Moreover, nanoring inner diameters were controlled by polymer-thinning with
ethanol/water mixtures (IV, see Figure A.2.3 for details), and their heights were dictated by the
number of Coulombs passed during deposition (V). Sequential deposition of sacrificial and target
shell segments can be repeated to generate multiple nanorings within each pore. The nanorings
were then dispersed in solution by dissolving the polymer in acetone, removing the AAO template
in aqueous NaOH (VI), and then selectively dissolving the sacrificial Ni and Ag metal segments
through oxidation with appropriate aqueous etchants (VII).
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Figure 3.1. Nanoring synthesis using COAL. Synthetic scheme (steps I-V, represented by the
cross-section of a single AAO template pore) showing the synthetic steps used to make the metal
nanorings. (I) Electrodeposition of polymer nanorods onto Ni segments; (II) Polymer contraction
under vacuum drying to create space between the polymer nanorods and the pore walls; (III) Porewidening to adjust the diameter of the pores (corresponding to the outer diameter of the nanorings);
(IV) Polymer-thinning to decrease the diameter of the polymer nanorods (corresponding to the
inner diameter of the nanorings); (V) Deposition of the sacrificial and target ring segments; (VI)
Removal of the polymer nanorods and template with acetone and 0.5 M aqueous NaOH,
respectively. A top view scanning electron microscopy (SEM) image shows the nanorings attached
to the sacrificial metal segments (see Figure A.2.4 for a cross-sectional image); and (VII) Release
of the nanorings into solution by etching the sacrificial metal segments, as shown by high-angle
annular dark-field scanning transmission electron microscopy (STEM). Scale bars are 1 µm.
The synthetic process presented above is a universal approach for the synthesis of
nanorings composed of many electrodepositable materials, as long as they are stable with respect
to the etching conditions used for the sacrificial segments. To illustrate this point, we synthesized
single component metal nanorings made of Au, Ag, Pt, Ni, and Pd and a multi-component
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nanotube composed of Au, Ni, and Pt and then characterized them using energy-dispersive X-ray
(EDX) spectroscopy (Figure 3.2). Nanorings composed of different materials were prepared by
slight variations to the synthetic protocol; namely, the sacrificial shell segments and metal etching
solutions were changed (Figure 3.1, V and VII, see Methods for more details). Au and Pt nanorings
were electrodeposited on a sacrificial Ni shell segment which was subsequently dissolved in
aqueous 3% FeCl3 for 20 minutes. Ag nanorings were synthesized by electrodeposition of a NiAg-Ni shell, with the Ni cap segment serving to protect the Ag during the chemical removal of the
Ag backing layer. Ni segments were then etched with 15% H3PO4 in water for 15 minutes. Ni and
Pd nanorings were electrodeposited on a sacrificial Ag shell segment, which was etched by a 1:1
H2O2:NH4OH mixture that is also used to dissolve the Ag backing layer. Finally, the multicomponent nanotube was synthesized by sequential electrodeposition of a Au-Ni-Pt shell on a
sacrificial Ni segment, which was etched by 3% FeCl3 exposure for 20 minutes while still inside
the AAO template. The target Ni segment of the nanotube remained intact as it was physically
protected from FeCl3 by PANI, the AAO membrane, and the Au and Pt shell segments.

Figure 3.2. EDX characterization of nanorings composed of different materials. STEM images
(left) and elemental maps via EDX spectroscopy (right) of single component (a) Au, (b) Ag, (c)
Pt, (d) Ni, and (e) Pd nanorings and a multi-component (f) Au-Ni-Pt nanotube. STEM images in
(a), (c), (d), and (e) are false-colored for clarity. Refer to Figure A.2.5 for large-area STEM images
of single component nanorings. Scale bars are 100 nm.
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Importantly, COAL provides the ability to control nanoring architecture in addition to its
compatibility with a variety of metals. In order to investigate the structural tailorability of the
synthetic process described in Figure 3.1, Au rings with various dimensions were synthesized.
Though the techniques described below can be applied to tune the dimensions of nanorings
composed of any of the materials shown in Figure 3.2, Au was chosen for its chemical stability
and measurable plasmonic response to architectural changes. We studied this response by
preparing solution-dispersible Au nanorings in templates with different nominal pore sizes (35 nm,
55 nm, 100 nm from Synkera Technologies). Synthesis in these templates yields Au nanorings
with outer diameters of 63 ± 5 nm, 95 ± 10 nm, and 179 ± 17 nm, respectively (see Figure 3.3a for
top view SEM images of Au nanorings after PANI and template dissolution and Table S1 for
complete statistical analysis of Au nanoring samples). As a result, we found that wide-range tuning
of the nanoring LSPR wavelength can be achieved simply by starting with templates with different
pore diameters (Figure 3.3b). This synthetic flexibility results in the ability to tune resonances
from the visible (590 nm) to the near-infrared (1150 nm) by increasing overall nanoring size (both
outer and inner diameters).
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Figure 3.3. Au nanorings synthesized in AAO templates with different pore diameters. (a) Top
view SEM images of Au nanorings with outer diameters of ~ 63, 95, and 179 nm, and inner
diameters of ~ 25, 37, and 95 nm (top to bottom, respectively). Scale bars are 100 nm. (b) Solution
extinction spectra of Au nanorings with different diameters (shown in (a) and STEM images in top
row, scale bars are 50 nm) show plasmon resonances at ~593, 715, 1150 nm (smallest to largest
template, respectively). Electron microscopy images of nanorings synthesized in a 270 nm pore
diameter template are shown in Figure A.2.6.
In order to achieve a greater understanding of how changes in nanoring outer diameter,
inner diameter, and height affect the LSPR, we varied each dimension independently (Figure 3.4).
Changes in the experimental extinction spectra were modeled with discrete dipole approximation
simulations (Figure 3.4, right column, and Figures A.2.7 and A.2.8) and are in reasonable
agreement with the experimentally observed spectra (Figure 3.4).146 Notably, the experimental
spectra exhibit broader LSPRs in all cases when compared to the calculated spectra; we attribute
this to variation in the nanoring size, shape (circular vs. elliptical, Figure A.2.9), position of the
cavity (concentric vs. non-centered),147 and crystallinity.148 While broader peaks are nearly always
observed in experiment compared to simulation, when using 100 nm pore diameter templates
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(Figure 3.3, green trace and Figure 3.4), our experimental data also demonstrate a consistent ~200
nm red-shift compared to our discrete dipole approximation calculations. We attribute this
discrepancy largely to dispersity in nanoring shape, as more elliptical nanorings exhibit
significantly red-shifted SPR peaks compared to perfectly circular nanorings. Simulations suggest
that maintaining fixed inner and outer diameters in one axis of a nanoring while stretching them
in the other axis can account for a significant red-shift, even as large as 200 nm (Figure A.2.9).
The presence of elliptical nanorings is explained by the shape of the AAO pores into which the
metals are electrodeposited. Since not all of the AAO pores are perfectly circular, we observe this
variation in nanoring shape. Notably, we also observe excellent agreement in peak position
between experiment and simulation for nanorings synthesized in the 35 and 55 nm pore diameter
templates (Figure 3.3b, Figure A.2.7).
When using 100 nm pore diameter templates, our base case nanoring sample was
synthesized using an 18-minute pore-widening step with no polymer-thinning, and nanorings had
an aspect ratio (height:outer diameter) of approximately 0.4. We found that NaOH exposure
beyond 18 minutes led to the merging of some pores, compromising the homogeneity of the
resulting structures. Conversely, pore-widening must be performed for at least 3 minutes in order
to generate a solution of fully-formed rings without the formation of crescent-like structures.
Samples prepared at each of these extremes allowed for the demonstration of outer diameter
tunability using AAO templates with equivalent nominal diameters; this control then allows one
to deliberately tune nanoring LSPR (Figure 3.4a). For example, an average outer diameter increase
from 155 to 180 nm (with inner diameter and aspect ratio remaining constant) results in a 50 nm
blue-shift of the most intense LSPR wavelength (from 1200 to 1150 nm), which we attribute to an
increase in the nanoring wall thickness.128
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We also used the technique to investigate the relationship between nanoring inner diameter
and LSPR; control over inner diameter was effected by slowly dissolving the PANI nanorod core
that defines the inner diameter of the resulting nanorings. To achieve homogeneous and
reproducible PANI dissolution, the AAO pores were widened to maximize space for the
ethanol/water solution to travel deep into the pores, increasing PANI dissolution from its sides.
After testing the effect of different concentrations of ethanol in water (60 - 90%) for varied periods
of time (10 - 60 minutes), we found that the rate of polymer-thinning slows with exposure time
(Figure A.2.3). Moreover, we determined that using aqueous solutions with ethanol concentrations
of 70% was optimal, since these thinned the polymer nearly as much as more concentrated
solutions (>80% ethanol) without dissolving the polymer as much from the top (which, if done
excessively, would introduce disks into solution). Thus, we observed the smallest nanoring inner
diameters, while maintaining pure nanoring solutions (i.e., no disks), by exposing samples to 70%
ethanol for 30 minutes. The average inner diameter can be reduced by more than 30% (from 95
nm to 64 nm, while maintaining consistent outer diameter and aspect ratio) through this polymerthinning step, which results in an almost 200 nm blue-shift in the LSPR wavelength (from 1150
nm to 958 nm). We also attribute this shift to an increase in the nanoring wall thickness (in this
case, a smaller cavity), leading to more disk-like resonance behavior.128, 149
This technique also provides control over nanoring height. To effect such control, one
simply adjusts the amount of charge passed through the electrodes according to the desired length,
a technique used routinely to control rod length in template-controlled nanowire synthesis.75, 76, 78,
141, 142, 150-153

The aspect ratios of the samples discussed so far were deliberately maintained around

0.4 to eliminate the convoluting effects that an inconsistent aspect ratio would have on the nanoring
LSPR. Note that in only one case involving the smallest rings (63 nm outer diameter), the aspect
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ratio was required to be 0.75 to maintain structural stability; structures with smaller aspect ratios
could be generated but exhibited fragility in solution as evidenced by STEM (i.e., broken and
incompletely formed rings, Figure A.2.10). By maintaining a consistent aspect ratio, we ensured
that LSPR wavelength shifts would be solely a consequence of the varied architectural parameter.
For comparison purposes, by adjusting the nanoring aspect ratio to 1.8 (while maintaining the outer
and inner diameters of the base case sample), a nearly 500 nm red-shift of the most intense LSPR
wavelength (from 1150 to 1628 nm) is observed (Figure 3.4c). This shift is due to the longer
oscillation pathway for the electrons along the extended height of the nanorings, leading to rodlike resonance behavior.1, 150 Note that electrodeposition also allows one to synthesize nanotubes
that are microns in length, but such structures are not the focus of this study.
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Figure 3.4. Control over all three architectural parameters of Au nanorings. STEM images (left),
measured extinction spectra (middle), and calculated extinction spectra (right) of the nanorings are
presented in (a), (b), and (c). (a) The outer diameter was enlarged by increasing the duration of the
pore-widening step from 3 to 18 minutes. This increased the outer diameter from 156 nm to 179
nm (maintaining constant inner diameter and aspect ratio), which corresponds to a 50 nm blueshift in the most intense LSPR wavelength. (b) The inner diameter was reduced from 95 nm to 64
nm (maintaining constant outer diameter and aspect ratio) through the introduction of the polymerthinning step; this corresponds to a 192 nm blue-shift in the LSPR wavelength. (c) The height was
increased with the amount of charge passed through the electrodes during the electrodeposition
step. By increasing the applied charge from 350 mC to 1750 mC, the aspect ratio was increased
from ~0.4 to ~1.8 (maintaining constant outer and inner diameters), which corresponds to a
significant red-shift in the lowest frequency plasmon resonance wavelength by 478 nm. Scale bars
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are 100 nm in all of the electron microscopy images. The blue curves in all of the extinction spectra
correspond to the same nanoring sample that has been pore-widened for 18 minutes.
Conclusions
In this work, we have shown that COAL can be used for the synthesis of solutiondispersible metal nanorings with unprecedented control over composition and architectural
parameters. In particular, Au nanorings prepared with a wide range of dimensions led to the
tunability of their LSPRs from the visible to the near-infrared. Our synthetic approach opens a new
pathway for solution-based investigations of surfaces with negative curvature, whose chemical and
physical behavior remain poorly understood. Such surfaces have potential applications in
catalysis10 and site-specific nanomaterial interactions.136 Moreover, nanorings prepared using
COAL can be used to explore the possibilities of selective functionalization of negatively curved
surfaces and nanoparticle assembly within tailorable cavities for fundamental light-matter
interaction studies.
Methods
Materials
All chemicals and solutions were used without further processing. Commercially available
plating solutions (Cyless for Ag, Orotemp 24 Rack for Au, Pallaspeed VHS for Pd, and nickel
sulfamate for Ni) were purchased from Technic Inc., USA. Aniline (≥99.5%), 70% aqueous
perchloric acid (99.999%), 70% aqueous nitric acid, 49-51% aqueous phosphoric acid, ammonium
hexachloroplatinate (99.999%), sodium phosphate dibasic (99%), sodium hydroxide (≥98%), iron
(III) chloride hexahydrate (97%), 28-30% aqueous ammonium hydroxide, and sodium citrate
(≥99%) were purchased from Sigma-Aldrich, USA. 30% aqueous H2O2 was purchased from VWR,
USA. AAO membranes with 35, 55 and 100 nm nominal pore diameters were purchased from
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Synkera Technologies Inc., USA. AAO membranes with 270 nm nominal pore diameters were
purchased from Whatman Inc., USA.
Instruments
High-angle annular dark-field imaging z-contrast (ZC mode) scanning transmission
electron microscope (STEM) images and energy dispersive X-ray spectroscopy (EDX) maps were
acquired using a Hitachi HD-2300 STEM. SEM images were collected on a Hitachi SU-8030
SEM. Electrochemical deposition of metals and inorganic semiconductors were done using a BASi
EC epsilon potentiostat (Bioanalytical Systems, Inc., USA). A Kurt J. Lesker PVD 75 e-beam
evaporator was used to evaporate Ag films onto AAO templates. All UV-Vis-NIR data were
obtained using a Cary 5000 spectrometer.
Electrochemical Deposition Parameters
Depositions were done at constant potentials using aqueous electroplating solutions as
detailed below.
•

Au was deposited at -950 mV (270 and 100 nm template) and -1100 mV (55 and 35 nm
template) using Orotemp 24 Rack solution.

•

Ag was deposited at -910 mV using Cyless solution.

•

Pd was deposited at -900 mV using Pallaspeed VHS solution.

•

Ni was deposited at -930 mV (270 and 100 nm template) and -1100 mV (55 and 35 nm
template) using nickel sulfamate solution.

•

Pt was deposited at -500 mV using a homemade aqueous Pt solution (15 mM (NH4)2PtCl6
and 200 mM Na2HPO4).
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•

Polyaniline (PANI): PANI was deposited at +1000 mV, using a homemade solution
containing 680 µL of aniline dissolved in 15 mL of a 0.1 M HClO4 aqueous solution.

Details of the Nanoring Synthesis
Templated nanoring synthesis began with porous anodized aluminum oxide (AAO)
membranes coated with a 350 nm thick Ag layer that acts as the working electrode during
electrodeposition. For the 35 and 55 nm template syntheses, AAO is first exposed to 0.5 M NaOH
for 2 minutes. This step (termed “pore refinement,” see Figure A.2.2 for 35 nm templates porerefined up to 9 minutes) serves to modestly enlarge the pore size of the smaller AAO templates to
guarantee that the subsequent steps can be reproducibly performed. We have also observed that
pore refinement improves the uniformity of AAO pores (refer to Figure A.2.2). This step is not
performed when using 100 nm templates to allow for for diameter tuning in the later steps.
Electrochemical deposition was carried out using a three-electrode setup, as described elsewhere
in detail.78, 80, 141, 142 First, Ag and Ni were successively deposited within the AAO membrane.
Next, a polyaniline (PANI) core was deposited and samples were dried under light vacuum for 30
minutes to create space between the polymer segments and the walls of the AAO pores. As the Ni
base was more conductive than the PANI core, subsequent electrodeposition led to our materials
of interest filling this shell space from the bottom up rather than forming on top of PANI. However,
before shell deposition, both the final outer and inner diameters of the nanorings were determined.
A pore-widening step was first conducted in which the AAO membrane was exposed to 0.5 M
NaOH for 3 to 18 minutes. In this step, the NaOH solution traveled down into the AAO pores and
slowly dissolved the template from the inside out. This created more space between PANI and the
pore walls, ensuring that fully-formed ring structures were later synthesized (a minimum of 3
minutes was required for this to be reliable), and allowing for outer diameter tunability. Pore-
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widening for beyond 18 minutes, however, resulted in partial merging of some pores and
inconsistent shell deposition.
Particularly for 35 nm AAO templates, the initial pore refinement step was critical to ensure
that every step until this point occurred with complete reproducibility. Without it, PANI was not
guaranteed to contract enough to allow sufficient space for NaOH to widen the pores such that full
rings were consistently generated.
In order to achieve inner diameter control, the template was first pore-widened (18 minutes
for the 100 nm template sample with inner diameter reduction, and 10 minutes for the 35 nm
template sample; inner diameter reduction was not performed on the 55 nm template sample) and
then exposed to a 70% ethanol solution in water for 30 minutes. Within each pore, ethanol slowly
dissolved PANI from all sides such that the core material diminished in size and the resulting rings
had a reduced inner diameter. The previous pore-widening step was necessary as it increased the
amount of ethanol that PANI was exposed to on its sides relative to its top, maximizing inner
diameter reduction. The use of a 70% ethanol solution for 30 minutes was found to result in the
smallest average inner diameter for the rings without the resulting solution being composed of a
mixture of rings and disks. When PANI was exposed to ethanol either in a more concentrated
solution or for longer times, the (several micron long) polymer segment dissolved too much from
the top, such that the subsequently electrodeposited material reached beyond it in some of the pores
and formed a disk. It was also observed that the polymer thinning slows with time, such that
thinning with 70% ethanol for 30 minutes reduces polymer diameter nearly as much as thinning
with 80% ethanol renewed with 90% ethanol for 30 minutes each. The latter case, however, leads
to a solution with both rings and disks.
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Additionally, ethanol solutions of varied concentration for varied time periods can be used
to achieve nanorings with inner diameters intermediate to those reported in the main text. This
possibility is depicted in Figure A.2.3, which shows the polymer segment encased in Ni after
different ethanol exposures. In these experiments, the Ni diameter represents the hypothetical outer
diameter of a nanoring (if a target material had been deposited), and the polymer diameter
represents the hypothetical inner diameter of a nanoring. It is clear that by varying ethanol
concentration and exposure time, a range of inner diameters can be obtained.
After pore-widening and (optional) polymer thinning with ethanol, sequential deposition
of a sacrificial shell segment and a target material shell segment (the desired nanoring) finalize the
templated portion of the synthesis. The amount of charge passed during electrodeposition
controlled the shell segment length, and thus the final nanoring length. Au and Pt nanorings were
synthesized by depositing a Ni sacrificial segment followed by Au/Pt. Ag nanorings were
synthesized by depositing alternating Ni-Ag-Ni shell segments. Pd and Ni nanorings were
synthesized by depositing a Ag sacrificial shell segment followed by Pd/Ni. For the multicomponent (Au-Ni-Pt) tube, a sacrificial Ni shell segment was deposited onto a short Ni base
before Au-Ni-Pt. For Au, Pt, Pd, Ag, and multi-component nanoring syntheses, the Ag backing
layer was dissolved using a mixture of 30% aqueous H2O2 (Macron, Inc.) and 28-30% aqueous
NH4OH (Sigma-Aldrich) (1:1 v:v). For Ni nanoring synthesis, the Ag backing layer and Ni base
segment were removed by mechanical polishing with HNO3. For the multi-component synthesis,
the Ni sacrificial segments were removed by exposing the bottom of the template (the side from
which Ag was just removed) to 3% aqueous FeCl3 for 20 minutes to selectively remove the Ni
base and first shell segment, while leaving the target Ni intact. After immersing in water for at
least 5 minutes in all cases, AAO membranes were placed in acetone for at least 2 hours in order
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to fully dissolve PANI. Templates were then dissolved in 0.5 M NaOH. The remaining structures
were then centrifuged at 9000 rpm for 3 minutes, and sacrificial materials were removed with 3%
FeCl3 in water for 20 minutes for Au and Pt nanorings, 15% H3PO4 in water for 15 minutes for Ag
nanorings, and the H2O2/NH4OH mixture mentioned above for Pd and Ni nanorings (this step is
not necessary for the multi-component sample). Nanorings were centrifuged at 10,500 rpm for 6
minutes 3 times and resuspended in water with 0.1% sodium citrate by weight. For all materials
other than Au, samples were always pore widened for 18 minutes. Polymer thinning in 70%
ethanol was performed for Ag (10 minutes).
TEM images were also obtained of structures before final etching of the sacrificial
segments, as pictured in Figure A.2.4. Nanoring lengths were most easily measured this way.
Alternatively, if top view SEM images of nanorings (as pictured in Figures 3.1 and 3.2)
were desired, the order of selective etching/dissolving was changed. After nanoring deposition,
PANI was dissolved in acetone for 2 hours. Then, templates were placed on carbon tape and
immersed in 0.5 M NaOH overnight to ensure full dissolution of AAO. After washing with water,
an array of nanorod/nanotube structures remained with the target ring material visible on top.
Measurements of ring outer and inner diameters were performed on top view SEM images of these
structures using Adobe Photoshop (described below). Rings can be dispersed into solution in this
way by exposing the templates to the sacrificial segment etchant.
Photoshop Characterization
Outer and inner diameters of the Au rings were measured using Adobe Photoshop CS5.
Top view SEM images were taken of rings on top of the sacrificial Ni and Ag segments, with
PANI and the AAO template having been dissolved (See Figure 3.1 in the main text). Traces were
drawn around the outer and inner surfaces of each ring (sample size = 50), yielding measurements
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of the area and perimeter of both in nm and nm, respectively. From these measurements, both the
outer and inner diameters of rings could be calculated. By using this measurement technique
(rather than a linear measurement), we eliminated the bias of choosing where to measure these
lengths in the cases of imperfect rings. Table S1 below summarizes the statistics of Au ring
architectural parameters. Circularity, as reported in Figure A.2.2, is similarly calculated by
Photoshop. It is defined as the ratio of the radius of a circle inscribed in a given shape to that of a
circle circumscribed about the same shape such that a perfect circle has a circularity of 1. Here we
use it to analyze the shape of AAO pores.
Extinction Spectrum Simulations
The extinction spectra of nanorings were simulated using the discrete dipole approximation
(DDA) using an implementation developed by Draine and Flatau.146 In this, an object of arbitrary
shape is described as a simple cubic array of dipoles. Maxwell’s Equations are then solved
numerically such that the fields are fully retarded. For the Au nanoparticles studied here, the
dielectric constants from Johnson and Christy were used and a surface scattering correction was
included to remove unphysical LSPR lineshapes. All structures used a dipole spacing of
1nm/dipole except for the largest ring (Figure A.2.7d), which was simulated with a spacing of
4nm/dipole to allow convergence. Each simulation was performed for three orientations of the ring
(in-plane, out-of-plane, and face incident). These were averaged to reproduce the orientation
averaging observed in solution.
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Chapter 4 Fast Charge Extraction in Perovskite-Based Core-Shell Nanowires
Summary: Achieving nanostructured interfaces with precise architectural control enables one to
access unique properties unattainable using bulk materials. In particular, a nanostructured interface
(e.g. a core-shell nanowire) between two semiconductors leads to a short charge separation
distance, such that photo-excited charge carriers can be more quickly and efficiently collected.
While vapor-phase growth methods are used to synthesize uniform core-shell nanowire arrays of
semiconductors such as Si and InP, more general strategies are required to produce related
structures composed of a broader range of materials. Herein, we employ anodic aluminum oxide
templates to synthesize CH3NH3PbI3 perovskite core – copper thiocyanate shell nanowire arrays
employing a combination of electrodeposition and solution casting methods. Using scanning
electron microscopy, powder X-ray diffraction, and time-resolved photoluminescence
spectroscopy, we confirm the desired structure and show that adopting a core-shell nanowire
architecture accelerates the rate of charge quenching by nearly three orders of magnitude compared
to samples with an axial junction only. Subsequently, we fit decay curves to a triexponential
function to attribute fast quenching in core-shell nanowires to charge extraction by the copper
thiocyanate nanotubes, as opposed to recombination within the perovskite nanowires.
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Introduction
The rational design of material interfaces is critical for realizing high-performing
electronics. For instance, transport across interfaces is essential for the extraction of energetic
charge carriers in solar cells.33, 34 Specifically, solar cells are typically prepared by interfacing an
n-type semiconductor with a p-type semiconductor (which can also be separated by an intrinsic
semiconductor to form a p-i-n junction). Perhaps the simplest approach to achieve such interfaces
is to sequentially deposit thin films of these materials to form planar heterojunctions. While this
design can result in efficient solar cells,35, 36 it leads to a tradeoff between light absorption and
charge separation, as excited charge carriers are more likely to recombine in thicker layers of a
light absorbing semiconductor.
Nanostructuring semiconductor materials enables one to overcome this tradeoff, as one can
design their interfaces to dramatically reduce charge separation distance without the sacrificing
thickness of the light absorber.23,

25

While bulk heterojunctions are effective for organic

photovoltaics,37, 38 they are difficult to prepare for inorganic and hybrid materials. Accordingly,
alternative architectures, such as core-shell nanowires, have been targeted for a variety of materials
for which short charge separation distances and large interfacial areas are desired.22,

24, 26, 39

Solution-processing40 and vapor-phase growth methods21 have been employed to synthesize
nanostructured p-n and p-i-n core-shell nanowires with a high degree of architectural control for
inorganic materials such as Si, GaAs, CdS, and InP. Metal halide perovskites, however, are an
attractive class of solar cell materials41, 44, 45, 47-51, 106 of which core-shell nanowire arrays have not
yet been synthesized with precise architectural control.
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Anodic aluminum oxide (AAO) is a chemically and thermally robust scaffold with oriented
cylindrical pores into which uniform nanostructures of tunable size can be deposited.75, 77 While
significant advances have been made in the synthesis of perovskite nanomaterials,18, 27-29, 32, 63-73
the use of AAO presents the unique possibility of generating perovskite nanowires that are
controllably interfaced with other semiconductors in a core-shell architecture. This is the result of
the compatibility of AAO with the stepwise, sequential deposition of different types of materials
(e.g. metals78, 111, 151 as well as organic,79, 117, 143 inorganic,76, 81 and hybrid154 semiconductors) that
can be precisely placed relative to one another.
We previously reported the synthesis of uniform, composition-general perovskite
nanowires using a spin coating method,155 as well as an electrodeposition-based approach for
synthesizing complex core-shell nanowires (coaxial lithography, COAL),80 within AAO. Herein,
these approaches are combined to prepare CH3NH3PbI3 perovskite core – copper thiocyanate
(CuSCN) shell nanowires. Perovskite nanowires synthesized using this technique155 are inherently
in contact with an electron-accepting TiO2 film; realizing core-shell nanowire interfaces with holeaccepting CuSCN52, 62, 156 nanotubes enables a significant reduction in charge separation distance,
and thus charge extraction time. Using scanning electron microscopy (SEM), powder X-ray
diffraction (XRD), and time-resolved photoluminescence (TRPL) spectroscopy, we show that the
rate of charge quenching from perovskite nanowires is accelerated nearly three orders of
magnitude by introducing a radial heterojunction (nanowire radius ~40 nm) as opposed to solely
an axial heterojunction (nanowire length ~500 nm). Moreover, we fit decay curves to a
triexponential function and found that charge extraction by the copper thiocyanate nanotubes (vs.
recombination within perovskite nanowires) dominates and causes fast quenching in core-shell
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nanowires. By combining multiple strategies for nanostructure synthesis within AAO, this work
sets the foundation for the development of a diverse library of composite nanomaterials with
compositions, dimensions, and interfaces that can be tailored for a desired application.
Results and Discussion
The primary goal of the present work is to compare the speed of charge extraction from
perovskite nanowires using a TiO2 film (at one end of the nanowire) with and without CuSCN
nanotubes encapsulating the radial surface of the nanowires. TiO2 is an n-type semiconductor
commonly used as the electron extracting material in perovskite solar cells;49, 51 similarly, CuSCN
has recently shown promise as a highly conductive inorganic hole extracting material in these
devices.52, 62, 156 In a typical experiment, approximately 30 nm TiO2 and 1 µm Al were first
evaporated onto fluorine-doped tin oxide (FTO) glass. One can subsequently oxidize the Al layer
into AAO via application of a large voltage (60 V used here; one can control interpore spacing by
changing the anodization voltage) in the presence of an acidic electrolyte.77 Then, COAL was
employed to synthesize CuSCN nanotubes within AAO (Figure 4.1). Initial electrodeposition of a
Ni nanorod base enables the potentiostatic electropolymerization of polyaniline (PANI); drying
leads to irreversible contraction (to a highly reproducible degree),79, 80 creating space between the
polymer and the pore walls (Figure 4.1a, I). Because Ni is more conductive than PANI, subsequent
electrodeposition of CuSCN156, 157 leads to the bottom-up growth of nanotubes around the PANI
core (Figure 4.1a, II). Selective dissolution of the sacrificial PANI and Ni yields CuSCN nanotubes
suspended within the AAO pores (Figure 4.1a, III, IV; Figure A.3.1). Previously, we showed that
nanowire cores of several compositions (i.e. materials compatible with electrodeposition) can fill
in nanotube cavities to form core-shell constructs.80 Here, we further generalize this approach by
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using a spin coating method

155

to synthesize CH3NH3PbI3 nanowires interfaced with CuSCN

nanotubes in a core-shell architecture (Figure 4.1a, V). SEM confirms the tubular structure of the
CuSCN (Figure 4.1b, top-down view) and ultimately the desired core-shell nanowire architecture
(Figure 4.1c, cross-sectional view). Moreover, these nanostructures are generated in oriented
arrays using methods compatible with large-area synthesis (samples >3 cm2 in area are routinely
produced, with larger areas achievable155), and thus one can easily characterize them using bulk
(vs. single nanowire) techniques.
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b

II

TiO2

AAO
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Ni

V

CuSCN

Perovskite

c

Figure 4.1. Synthesis of perovskite core – CuSCN shell nanowires. (a) Synthetic scheme,
represented by the cross-section of a single AAO pore. (I) Electrodeposition of Ni and PANI, with
subsequent drying leading to PANI contraction; (II) electrodeposition of CuSCN nanotubes around
the PANI core; selective dissolution of (III) PANI and (IV) Ni using acetone and sulfuric acid,
respectively, after which CuSCN nanotubes remain suspended and spatially separated from the
TiO2 film; (V) deposition of perovskite using a spin coating method.155 (b) Top-down SEM image
of CuSCN nanotubes after PANI dissolution. Nanotube outer diameter = 131 ± 13 nm; inner
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diameter = 81 ± 8 nm. For imaging, AAO was partially dissolved using aqueous NaOH such that
nanotubes slightly protrude out of the pores. (c) Cross-sectional SEM image of core-shell
nanowires; the TiO2 film delaminated slightly from the FTO during sample preparation. Scale bars
are 500 nm.

To confirm the presence of the expected materials and their crystallinity throughout the
synthesis of the core-shell nanowire arrays, XRD was employed at multiple intermediate steps of
the procedure (Figure 4.2). The first sample examined included CuSCN nanotubes on Ni base
segments (Figure 4.2, gray trace; Figure 4.1a, III), where the expected Ni and CuSCN diffraction
peaks were evident.157, 158 Exposure of the substrate to sulfuric acid dissolves Ni, and its diffraction
peak at 44.5º was no longer present (Figure 4.2, purple trace; Figure 4.1a, IV). Addition of
perovskite nanowires within the nanotube cavities (Figure 4.2, blue trace; Figure 4.1a, V) led to
the appearance of the expected perovskite peaks, and comparison with the XRD pattern of
perovskite nanowires without CuSCN nanotubes (Figure 4.2, red trace; Figure A.3.2 shows a
cross-sectional SEM image) enables one to assign each peak present in the core-shell nanowire
pattern.
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Figure 4.2. Monitoring core-shell nanowire synthesis using XRD. Core-shell nanowires (blue)
exhibit expected diffraction peaks from both the perovskite and CuSCN. Peaks attributed to
perovskite, Ni, and CuSCN are labeled in red, gray, and purple font, respectively. Dashed lines
indicate perovskite (red) and CuSCN (purple) peak locations. Asterisks denote peaks attributed to
metallic Al, which can be present on the edges of the substrates, and FTO.
With nanoscale architecture and crystal phases confirmed, TRPL was used to quantify
charge carrier dynamics within two key samples: perovskite nanowires either with an axial
heterojunction only (TiO2) or with an additional radial heterojunction (CuSCN). The decay of
excited charge carriers in perovskites is often described by two distinct populations (“slow”
radiative recombination and “fast” defect-mediated non-radiative recombination103); however, it
is also well-established that interfacing a semiconductor with a charge extracting material will
reduce the average charge lifetime observed in TRPL, as extraction acts as a third mechanism of
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charge quenching.

50

Substantially reducing the charge separation distance should result in a

reduced charge lifetime. As expected, TRPL shows a dramatic reduction, by nearly three orders of
magnitude, of the characteristic average charge lifetime (𝜏c, the time at which e-1 excited charge
pairs remain) when a radial heterojunction is present in core-shell nanowire samples (Figure 4.3).

Figure 4.3. TRPL decay curves for perovskite nanowires with axial (red) and core-shell radial
(blue) heterojunctions. (a) A zoomed-out view emphasizes the long charge lifetime of samples
with an axial junction with TiO2 only (red trace); it is also evident that radial heterojunction
samples undergo fast PL decay (blue trace). (b) A zoomed-in view shows that the PL of samples
with a radial heterojunction decays three orders of magnitude within 5 ns. Average 𝜏c values (error
represents one standard deviation from ten decay curves) and representative triexponential decay
fits (black traces) with their associated goodness-of-fit parameters are shown for each decay curve.
Fast charge extraction by CuSCN nanotubes is the most likely explanation through which
this significant reduction in 𝜏c could occur. Despite the fact that short charge lifetimes can be
indicative of a poor quality semiconductor, previous work from our group155 showed that lattice
microstrain (obtained from Williamson-Hall analysis100, 101 of XRD patterns) closely correlates
with 𝜏c in perovskite nanowires. Here, the radial heterojunction sample exhibits slightly greater
microstrain than the axial heterojunction sample (Figure A.3.3); so while some reduction in 𝜏c
could be the result of disparity in the perovskite crystal quality, the microstrain difference is not
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155

sufficient to explain a three order of magnitude change in 𝜏c.

Furthermore, it should be noted

that CuSCN extracts holes from perovskite at its radial heterojunction, while TiO2 extracts
electrons at the axial junction. As a result, if electron transport was considerably slower than hole
transport in the perovskite, this would contribute to a longer 𝜏c in axial heterojunction samples.
However, electrons and holes within CH3NH3PbI3 perovskite are known to have comparable
diffusion coefficients,50 and accordingly this point should not significantly affect our results.
To further probe the contributions to accelerated charge quenching, each TRPL curve was
fit to a triexponential decay equation (Figure 4.3, black traces, Table 4.1). In this analysis, Ai (i =
1, 2, 3) describes the fraction of excited charge carriers that decay via a particular process
(bimolecular radiative recombination, defect-mediated non-radiative recombination, and nonradiative charge extraction), and 𝜏i indicates the average lifetime of charges that decay by these
processes.

Table 4.1. Summary of triexponential decay fit parameters. Population 1 describes bimolecular
radiative recombination, population 2 describes defect-mediated recombination, and population 3
describes charge extraction. Error represents one standard deviation from ten decay curves.
A1

! 1 (ns)

A2

! 2 (ns)

A3

! 3 (ns)

Axial

0.47 ± 0.12

300 ± 40

0.18 ± 0.04

31 ± 5.6

0.35 ± 0.16

69 ± 5.0

Radial

0.010 ± 0.003

260 ± 27

0.04 ± 0.02

1.1 ± 0.1

0.95 ± 0.02

0.19 ± 0.03

To fully comprehend these data, one must first assign decay processes to each population.
It is clear that population 1 corresponds to long-lived radiative recombination, given the
significantly longer 𝜏1 values for both axial and radial heterojunction samples compared to the
other populations. Interestingly, the radial heterojunction leads to reduction in 𝜏2, which we
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attribute to a slight increase in defect density for core-shell nanowire samples vs. perovskite
nanowires alone (Figure A.3.3). The reduced diameter of the perovskite nanowires in core-shell
samples (80 nm vs. 130 nm) leads to greater surface area and thus more defects; this analysis is
consistent with our previous work155 and Williamson-Hall analysis from the present work (Figure
A.3.3). Additionally, a control experiment in which the perovskite – TiO2 junction is blocked by a
thin layer of SiO2-passivated Au159, 160 (i.e. no charge extraction occurs) yields comparable 𝜏1 and
𝜏2 values as the axial junction sample, indicating that populations 1 and 2 describe radiative
recombination and defect-mediated recombination, respectively (Figure A.3.4). The most striking
result is the change in population 3, which we assign to charge extraction. One can observe over a
two order of magnitude reduction in 𝜏3, and a nearly threefold increase in A3 (approaching 100%
extraction) when a radial heterojunction is present. This indicates that while some charge transport
occurs at the axial TiO2 junction, charge extraction is the dominant mechanism in core-shell
nanowires, which is further supported by an increase in 𝜏c upon selective dissolution of the CuSCN
nanotubes (Figure A.3.5). As a result, we conclude that fast charge extraction in core-shell
nanowires explains the short 𝜏c observed in these samples (Figure 4.3).
Conclusions
Taken together, these results describe both an opportunity and a challenge. It is clear that
this nanoscale architecture shows promise for array-based photovoltaic devices; however,
fabricating such devices with reliable performance at scale remains difficult. Still, this synthetic
realization, coupled with the materials generality of nanomaterial synthesis within AAO,80, 155
should enable the preparation of oriented core-shell nanowire arrays based on poorer performing
(i.e. those with shorter charge diffusion lengths), but more practically advantageous (i.e. lead-free),
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semiconductor materials.

104, 105

Indeed, the use of smaller AAO pores allows one to reliably

achieve nanowire core diameters down to ~25 nm,79 such that efficient charge separation could be
realized using materials with average charge diffusion lengths as low as ~10 nm. Furthermore,
using this approach, one deposits the perovskite after both charge transport materials; thus, one
can bypass synthetic limitations associated with the chemical and thermal instability of
perovskites. As a result, one can employ both electron and hole transport materials that are
deposited from aqueous solutions and/or require high temperature annealing, greatly expanding
the materials toolbox compatible with perovskite-based devices.
Methods
Materials
Nickel sulfamate and Orotemp 24 RTU (Au) plating solutions were purchased from
Technic, Inc., USA. Isopropanol (≥99.5%), 95% ethanol (reagent grade), acetone (≥99.5%),
aniline (≥99.5%), 70% perchloric acid (99.999%), sodium hydroxide pellets (≥98%), 95% sulfuric
acid (>99%), 37% hydrochloric acid (ACS grade), copper sulfate dihydrate (98%),
ethylenediaminetetraacetic acid (EDTA; 99%), potassium thiocyanate (≥99.0%), fluorine-doped
tin oxide (FTO, 13 Ω/sq), methylamine solution (33% in ethanol), 57% HI (stabilized in water,
99.95%), PbCl2 (99.999%), N,N-dimethylformamide (DMF, 99.8%, anhydrous), dimethyl
sulfoxide (DMSO, ≥99.5%), chlorobenzene (≥99.5%), 1,2- dichlorobenzene (99%, anhydrous),
oxalic acid (99.999%), 3-mercaptopropyltriethoxysilane (MPS, 80%), 27% sodium silicate
solution (reagent grade), and poly(3-hexylthiophene-2,5-diyl) (P3HT, 99.995%) were purchased
from Sigma Aldrich, USA. Aluminum pellets (99.999%) and titanium dioxide pieces (99.9%) were
purchased from Kurt Lesker, Inc., USA. All materials were used as received.
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Substrate and AAO preparation
FTO-coated glass was washed with water and isopropanol, and then dried using N2 flow.
Samples were cleaned in O2 plasma for 1 min, and subsequently coated with a 30 nm layer of TiO2
by electron beam evaporation (PVD 75, Kurt J. Lesker, Inc.). Samples were subsequently annealed
at 500°C for 30 min. Substrates were then coated with approximately 1 µm aluminum by thermal
evaporation (Nano38, Kurt J. Lesker, Inc.). Contact was made to the Al surface with copper tape,
and substrates were sealed in an electrolytic cell with ~3 cm2 Al area exposed. Anodization was
then carried out via application of 60 V using a Pt mesh electrode and 0.3 M aqueous oxalic acid
to induce nanopore formation.81, 155 The samples were washed with water and dried under N2 flow.
Anodized substrates appear transparent. The Al2O3 barrier layer was then dissolved by sample
exposure to 0.25 M aqueous NaOH for 2 min 45 s.

Electrochemical nanotube synthesis
All electrodeposition steps were carried out using a FTO/TiO2/Al substrate working
electrode (electrical contact was made with copper tape), Ag+/AgCl reference electrode, and a Pt
mesh counter electrode (deposition voltages are reported with respect to Ag+/AgCl; a BASi EC
epsilon potentiostat from Bioanalytical Systems, Inc. was used). Ni base segments were first
deposited at -1000 mV from a commercially available nickel sulfamate plating solution. PANI was
then deposited at +1000 mV, using a homemade solution containing 680 µL of aniline dissolved
in 15 mL of an aqueous 0.1 M HClO4 solution. Samples were dried with N2 then placed in a
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vacuum oven for at least 20 min to induce PANI contraction. AAO pores were then slightly
widened by exposing the samples to 0.25 M NaOH for 30 s. CuSCN nanotubes were then deposited
at -800 mV, using a homemade aqueous solution containing 12 mM copper sulfate dihydrate, 12
mM EDTA, and 120 mM potassium thiocyanate. PANI was then dissolved using acetone
(dissolution occurs rapidly); samples are rinsed with acetone a few times, then dried using N2 flow.
Substrates were then exposed to concentrated sulfuric acid (directly out of the bottle; ~17.8 M) for
90 min to dissolve Ni base segments.

Gold electrodeposition and silica passivation
Au was electrodeposited at -950 mV from a commercially available plating solution. A
SiO2 growth procedure was adapted from the literature159, 160 to form an insulating layer at the
bottoms of each AAO pore. First, samples were exposed to 1 mM MPS for 1 h and rinsed with
ethanol. A silica growth solution was prepared by mixing 1 mL sodium silicate solution, 15 mL
0.1 M HCl, and 34 mL water; 6.4 mL of this solution was then diluted with 3 mL 0.1 M HCl and
60 mL water. Samples were exposed to this diluted silica growth solution in a round-bottom flask
for 2 h at 100 °C in an oil bath.

Perovskite nanowire synthesis
To improve solution wetting across the AAO surface, samples were cleaned in O2 plasma
for 1 min prior to exposure to the perovskite precursor solution. The CH3NH3PbI3 precursor
solution was prepared by mixing CH3NH3I and PbCl2 in a 3:1 molar ratio in DMF (42.5% wt.;
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CH3NH3I was synthesized according to a well-known procedure ). This solution was dispensed
onto the AAO surface (with and without suspended CuSCN nanotubes) and allowed to penetrate
the AAO pores for 30 sec. Excess liquid was then spin coated off of the template at 3000 rpm for
10 s, followed by annealing at 100°C for 45 min on a hot plate in air. A dissolution/recrystallization
step was then employed to grow perovskite nanowires at the bottom of each pore, as previously
reported.155 A solution of 4% DMSO in chlorobenzene (v:v) was dispensed onto the sample surface
while it rapidly rotated on a spin coater. Specifically, a syringe pump was used to dispense 100 µL
of this solution at 100 µL/s while the samples spun at 7000 rpm for a total of 6 s. Samples were
immediately placed on a hot plate at 100°C in air for 3 min.

SEM imaging
SEM images were obtained using a Hitachi SU8030 operating at 5 kV and 10 µA. Crosssectional AAO samples were prepared by cutting the underside of the glass substrates with a
tungsten carbide glass scribe until the sample cleaved in half. Samples were then placed on a 90°
SEM stub for imaging. Image quality was significantly improved with the addition of a P3HT film
to the AAO surface via spin coating (20 mg/ml P3HT in dichlorobenzene, spun at 2000 rpm for
30 s) prior to sample cutting. We previously posited155 that P3HT could reduce the force that the
nanostructures experience upon cracking of the glass substrate and AAO template, resulting in a
greater number of structures remaining in the pores after sample preparation. The top-down image
(Figure 4.1b) was obtained by exposing samples to 0.25 M NaOH for 2 min after PANI dissolution
(after Figure 4.1a, III).
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Powder X-ray diffraction and Williamson-Hall analysis
PXRD was performed using a Rigaku Dmax X-ray diffractometer. Patterns were acquired
from 10° to 50° with a step size of 0.01°. Full width at half maximum (FWHM) values of the
relevant peaks were fit using MDI Jade X-ray pattern data analysis software after background
subtraction. These values were subsequently used for Williamson-Hall analysis to separate the
contributions of lattice microstrain and crystallite size to peak breadth (here measured by FWHM).
Guided by the equation FWHM*cosθ = kλC-1 + 4ε sinθ, where θ is the diffraction angle, k is a
broadening constant, λ is the wavelength of radiation, C is the estimated crystallite size, and ε
represents microstrain, FWHM*cosθ vs. 4sinθ was plotted and linear fits obtained. The slope
obtained from these linear fits provides an estimate of lattice microstrain.

Time-resolved photoluminescence spectroscopy
TRPL data were obtained using a PicoQuant FluoTime 300 spectrometer. Solid samples
were photo-excited with a 510 nm laser (laser fluence ~2.5 µJ, ~4 mm2 spot size) and the emission
signal was monitored at 760 nm. The resulting data were fit to triexponential decay functions using
FluoFit software. Ten decay curves were acquired for each sample over multiple batches and
multiple spots within each sample.
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Chapter 5 Shape and Size Control of Substrate-Grown Gold Nanoparticles for SurfaceEnhanced Raman Spectroscopy Detection of Chemical Analytes
Summary: Anisotropic gold nanoparticles often exhibit superior optical properties compared to
spherical ones, in part due to intense electric field localization near sharp geometric features and a
broadly tunable localized surface plasmon resonance. As a result, anisotropic nanoparticles are
attractive building blocks for surface-enhanced Raman spectroscopy (SERS) substrates. To unlock
the full potential of such substrates, one should be able to (1) generate a sufficient number of SERS
hotspots with structures of controlled shape and size and (2) remove ligands so that analytes can
easily access nanoparticle surface sites. Here, we develop a synthetic strategy for the shape- and
size-controlled anisotropic growth of gold nanoparticles (concave rhombic dodecahedra and
concave cubes, 70 – 135 nm characteristic length) from spherical seeds anchored on a structurally
complex surface (common filter paper) and subsequently combine electrodynamics and electronic
structure calculations with experiment to systematically characterize these substrates using SERS.
Furthermore, we explore the generalizable functionality of these substrate-stabilized nanoparticles
by using a continuous extraction method to partially remove surface ligands that were necessary
for anisotropic growth, enabling the specific SERS detection of serotonin, a molecular
neurotransmitter with a weak affinity for gold.
From Ashley, M. J.; Bourgeois, M. R.; Murthy, R. R.; Laramy, C. R.; Ross, M. B.; Naik, R. R.;
Schatz, G. C.; Mirkin, C. A. J. Phys. Chem. C 2018, 122, 2307-2314. Reprinted with permission
from ACS.
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Introduction
Compared to the bulk, gold nanoparticles exhibit unique properties that make them
attractive for catalysis,161 electronics,110 and optics.1 Many of these properties, including strong
absorption and scattering of light and intense local electric field generation, arise from the coherent
oscillation of conduction electrons, or the localized surface plasmon resonance (LSPR).1 One can
exploit the LSPR to detect small molecules using surface-enhanced Raman spectroscopy (SERS),
as Raman scattering is significantly enhanced (typically by 104 – 108) when a target analyte is on
or near a metal nanoparticle surface.85 Indeed, SERS has been validated as a valuable technique
for the rapid, specific, nondestructive detection of small molecules.83, 84
While spherical gold nanoparticles are simple to synthesize, the advent of scalable, high
yielding, uniform, and tunable anisotropic nanoparticle syntheses provides access to materials with
further improved plasmonic properties.4, 11-13, 88-90 Previous studies show that, compared to spheres,
anisotropic nanoparticles exhibit more intense electric fields typically localized near sharp
geometric features and LSPR wavelength tunability over a broader range.4,

7, 8, 16, 91-95

These

properties are expected to significantly improve SERS enhancement, particularly when one
maintains a high degree of uniformity in nanoparticle shape and size.16, 96 However, one must
consider the chemical consequences of using solution-synthesized anisotropic nanoparticles for
applications in which nanoparticle surface access is critical; controlled anisotropic growth often
occurs in a solution containing concentrated surfactants (such as cetyltrimethylammonium
bromide, CTAB, or cetylpyridinium chloride, CPC) that coat and block access to the nanoparticle
surface. Subsequent attempts to remove significant fractions of those ligands in solution can lead
to irreversible nanoparticle destabilization and aggregation.
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One approach to overcome this issue is to first immobilize the nanoparticles by adsorbing
them onto a substrate, such that surface ligands can be removed in a subsequent step while
maintaining spatially discrete, stable nanoparticles. Common filter paper represents an inexpensive
and flexible substrate onto which nanoparticles can be easily adsorbed and stabilized.97 Previously,
we reported the use of “plasmonic paper” (i.e. plasmonic nanoparticles adsorbed onto filter paper)
as a platform for the study of controllably aggregated spherical nanoparticles on a flexible substrate
for SERS detection.87 Here, we generalize this platform, showing that gold nanoparticles of
controlled shape and size can be grown from spherical seeds coated on the fibrous threedimensional network that comprises filter paper. Additionally, the benefits of nanoparticle shape
and size control are quantified by comparative SERS detection of 1,4-benzenedithiol (BDT, which
has a strong affinity for gold and displaces nanoparticle surface ligands). Importantly, surface
ligands can be partially removed without causing unwanted aggregation using a Soxhlet extraction;
the additional surface sites exposed by this method are leveraged to detect the neurotransmitter
serotonin (which has a weak affinity for gold) at biologically relevant concentrations (down to 100
nM).98, 99 These synthetic capabilities are paired with electrodynamics and electronic structure
calculations to analyze structure-property relationships of the nanoparticle building blocks and to
verify the Raman fingerprint of serotonin.
Results and Discussion
We initially sought to quantify the extent to which anisotropic nanoparticles exhibit
superior SERS enhancement compared to spheres. In a typical experiment, plasmonic paper is
prepared via simple incubation of filter paper in a colloidal solution of gold nanoparticles for at
least 12 hours. While this process is straightforward for small (~20 nm diameter) spheres and yields
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highly uniform plasmonic paper over large areas (>100 cm ),

large nanoparticles (anisotropic

nanoparticles, for instance, are >50 nm in characteristic length inherently upon their synthesis) do
not adsorb onto filter paper with the same density and uniformity under similar conditions. This
appears to be the result of (1) larger nanoparticles settling out of solution, making infiltration into
the fibrous network of filter paper more challenging, and (2) reduced likelihood of larger
nanoparticles immobilizing in the porous surfaces and grooves of filter paper. Sparse, non-uniform
nanoparticle loading leads to a low density of SERS hotspots and thus an inconsistent Raman
readout; accordingly, a method must be developed for improved loading of large anisotropic
nanoparticles.
Tight structural control over nanoparticle shape and size in colloidal syntheses often relies
on the seed-mediated hypothesis. Seed-mediated syntheses spatiotemporally separate particle
nucleation from product growth by first nucleating a uniform “seed” population and subsequently
overgrowing seeds to form nanoparticles. To achieve dense anisotropic particle loading, we
hypothesized that seed particles could be immobilized on an irregular surface (e.g. filter paper)
and subsequently grown to the desired shape and size by incubating functionalized substrates in
standard nanoparticle growth solutions (Figure 5.1a). Indeed, significantly greater and more
uniform loading of anisotropic nanoparticles can be achieved using this in situ growth method
compared to direct adsorption of analogous anisotropic nanoparticles (Figure A.4.1). Surprisingly,
paper-bound anisotropic nanoparticles can be grown with comparable yield as those in a typical
colloidal synthesis (Figure A.4.2); the paper surfaces rarely act as homogeneous nucleation sites
for impurity products. Furthermore, the porous nature of the cellulose-based substrate enables
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growth to occur evenly on the bound and unbound sides of the seed, in contrast to experiments
employing a hard substrate.162
With the ability to produce substrates densely functionalized with anisotropic
nanoparticles, we identified target structures to use for the SERS detection of chemical species.
Importantly, the seeds used in this approach can be grown into numerous anisotropic shapes; we
chose to compare commercially available spheres (Figure 5.1b) to substrate-grown concave
rhombic dodecahedra (CRDs, Figure 5.1c) and concave cubes (CCs, Figure 5.1d). These
anisotropic shapes are both expected to generate intense localized electric fields, and thus Raman
hotspots, near their sharp features.16 SERS enhancement can be further improved by using particle
shape to shift the nanoparticle LSPR toward 785 nm (the laser wavelength used for SERS
experiments, Figure 5.1e).
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Figure 5.1. Shape control in anisotropic nanoparticle plasmonic paper. (a) Photographs of 1 cm2
filter paper before incubation (left), after incubation in ~20 nm spherical seeds (center), and after
in situ anisotropic nanoparticle growth (right, CC sample pictured). Samples appear dark red
(center) and dark gray (right) and uniform in color. Scanning electron microscope (SEM) images
of (b) 61 ± 3.2 nm diameter spheres (commercially available), (c) 75 ± 5.1 nm tip-to-tip length
CRDs, and (d) 70 ± 7.0 nm edge length CCs adsorbed on filter paper (100 measurements taken for
all shapes; error represents one standard deviation). Scale bar is 500 nm and applies to all images.
(e) UV-vis spectra of colloidal solutions of spheres (purple), CRDs (orange), and CCs (blue).
Spectra for CRDs and CCs were obtained from the growth solution surrounding the paper sample,
which contains nanoparticles desorbed from the paper during growth. We have verified that these
samples accurately represent the nanoparticles bound to the paper using transmission electron
microscopy (TEM, Figure A.4.3); previous work indicates that nanoparticles free in solution and
bound to filter paper exhibit minimal differences in optical response.97 (f) Representative SERS
spectra from samples incubated in 1 µM BDT, with average background-subtracted maximum
intensities (at ~1070 cm-1, a commonly studied BDT SERS vibration163) noted for each shape.
Spectra were obtained with a 785 nm laser at P = 10 mW, acquisition time = 5 s.
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To evaluate each nanoparticle shape for SERS performance, we compared the average
background-subtracted maximum SERS intensities after incubation in 1 µM BDT (Figure 5.1f,
refer to Figure A.4.4 for histograms of complete data sets; samples are stable and exhibit a
consistent SERS response over several months, Figure A.4.5). While substrates with each
nanoparticle shape generate the expected BDT Raman fingerprint, CRDs and CCs exhibit
maximum SERS intensities nearly an order of magnitude greater than spheres. These data support
the hypothesis that the intense electric fields localized near sharp CRD and CC features, as well as
red-shifted LSPRs nearer to the 785 nm laser excitation wavelength (~675 nm for CRDs and CCs
versus ~540 nm for spheres), lead to improved detection capabilities (field maps are shown in
Figure A.4.6).
To further establish the versatility of this in situ growth technique and probe the role of
plasmonic properties on SERS enhancement, nanoparticle size was precisely tuned. In colloidal
syntheses, the ratio of gold precursors to nanoparticle seeds dictates the size of the products; a
similar approach was extended to this in situ growth technique. SEM results show that CCs can be
controlled from ~70 to 135 nm in edge length by changing the volume of growth solution while
holding the area and loading density of the functionalized paper constant (Figure 5.2a-c). UV-vis
confirms red-shifts in LSPR as nanoparticle size increases (Figure 5.2d), and the intermediate CC
(110 nm edge length) sample shows the greatest average maximum SERS intensity (Figure 5.2e).
While the 70 nm CC sample was expected to exhibit inferior SERS enhancement due to its SPR
position, UV-vis analysis does not adequately explain why 110 nm CCs outperform 135 nm CCs.
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Figure 5.2. Size control in anisotropic nanoparticle plasmonic paper. SEM images of (a) 70 ± 7.0
nm, (b) 109 ± 10 nm, and (c) 136 ± 9.8 nm edge length CCs (100 measurements taken for all sizes;
error represents one standard deviation). Scale bar is 500 nm and applies to all images. (d) UV-vis
spectra of colloidal solutions of ~70 nm (blue), ~110 nm (green), and ~135 nm (red) CCs (TEM
images of desorbed colloidal nanoparticles are shown in Figures A.4.3 and A.4.7). The laser
wavelength is noted by the dashed line at 785 nm. (e) Representative SERS spectra from samples
incubated in 1 µM BDT, with average background-subtracted maximum intensities (at ~1070 cm1
) noted for each size (histograms are shown in Figure A.4.4). Spectra were obtained with a 785
nm laser at P = 10 mW, acquisition time = 5 s. SEM image, UV-vis spectrum, and SERS spectrum
for 70 nm sample (blue) match those in Figure 5.1.
To further understand the relationship between CC size and plasmonic properties, we
employed electrodynamics simulations using the finite-difference time-domain method. Overall,
the shape and spectral location of the calculated spectra are similar to the experimental spectra.
Calculated extinction spectra for CCs with 70, 110, and 135 nm edge lengths (Figure 5.3a) show
that while the increased breadth of the optical responses measured for CCs (Figure 5.2d) partially
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results from nanoparticle shape and size dispersity as well as coupling between nanoparticles, the
computed LSPRs follow similar spectral and modal evolutions to the experiments as edge length
increases. In particular, the corner dipole (CD) mode strongly red-shifts and broadens as the CC
size increases due to dynamic depolarization and radiative damping, respectively.1, 164 In addition,
the corner quadrupole (CQ) mode is present in the spectra for the 110 nm and 135 nm CCs and
red-shifts slightly with increasing edge length. The higher-order quadrupolar edge mode (E) can
also be seen in the calculated spectra below 600 nm.164 Therefore, it is apparent that exercising
control over CC size enables one to precisely tune the spectral response and engineer the nearfield spatial distributions by changing the amplitudes and phases of the dipole and quadrupole
modes (Figure A.4.6).
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Figure 5.3. Calculated CC optical properties. (a) Normalized extinction spectra of CCs with edge
lengths equal to mean values observed in experimental samples. (b) Surface-averaged electric field
enhancement spectra show that the intermediate CCs (110 nm) are predicted to exhibit the largest
single particle field enhancements under 785 nm excitation, which is in agreement with
experimental measurements.
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This size-control capability is especially relevant to the design of functional substrates for
the detection of analytes, where strong near-field enhancements close to the plasmonic surface is
often essential.85 Indeed, it has been shown that much of the signal measured in a typical SERS
experiment comes from the molecules (1) within 1 nm of the metallic surface86 and (2) located in
a small number of the “hottest” Raman hotspots.165 Although anisotropic nanoparticles are capable
of generating intense field hot spots in the vicinity of their sharp geometric features,16 analytes are
expected to be randomly distributed over the nanoparticle surface. Consequently, it is the surface–
averaged field enhancement that is the most relevant quantity for making useful comparisons with
experimental measurements.1,
enhancement 𝐸 /|𝐸% |

&
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Therefore, we have calculated the surface-averaged field

spectra by spatially averaging the electric field computed on a ~1x1 nm

grid at a constant distance of 0.5 nm above the entire nanoparticle surface for each of the three CC
sizes considered (Figure 5.3b). Importantly, the calculated surface-averaged enhancement spectra
predict that the intermediate size CCs exhibit the strongest SERS enhancement at 785 nm, in
agreement with experimental results. Although the 70 nm CCs produce the largest field
enhancement overall, the SPR is too far blue-shifted with respect to the excitation wavelength to
observe strong SERS enhancement. The dynamic depolarization and radiative damping
responsible for red-shifting the dipole mode past 785 nm for the 135 nm CCs also serve to decrease
the surface-averaged electric fields.1 The 110 nm CCs, however, exhibit a compromise whereby
there is enough phase retardation to red-shift the SPR to 785 nm, but not enough damping to
severely degrade the overall enhancement, leading to the strongest surface-averaged enhancement
in agreement with experimental observations.
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With precise CC size control validated, we then investigated the role played by the surface
ligands used during the anisotropic growth step. The favorability of gold-sulfur bonds reliably
localizes thiolated analytes (such as BDT) within 1 nm of the gold nanoparticle surface, enabling
their facile SERS detection. However, analytes with weaker affinities for gold are considerably
more challenging to detect. Inherent to this favorability is the observation that thiolated molecules
tend to form stronger bonds with gold surfaces than most surfactants used in anisotropic
nanoparticle synthesis; therefore, thiolated molecules can displace existing ligands.166 Specifically,
BDT readily displaces CPC (the surfactant used during anisotropic growth) on CRD and CC
surfaces, such that one can easily achieve SERS detection (Figures 5.1 and 5.2). However, not all
analytes of interest contain functional groups that displace CPC. For instance, serotonin, a
biological molecule of interest for the study of neurochemistry,167-169 is expected to bind to gold
via its primary amine group, likely resulting in a similarly strong interaction with gold as CPC
(which should also experience amine-mediated interactions with gold, Figure A.4.8).170-172 Thus,
it would be advantageous to develop a method for removing CPC such that serotonin could access
the gold surface, and in this case, be detected via SERS.

Figure 5.4. SERS detection of serotonin using 110 nm CC plasmonic paper. (a) Electronic
structure calculations for CPC and Soxhlet extraction control experiments. The dominant CPC
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peak at ~1030 cm significantly increases in intensity after Soxhlet extraction. (b) Electronic
structure calculations for and SERS detection of serotonin. Calculated peak positions are compared
to those from representative experimental spectra with vertical dashed lines. Green dashed lines
denote peaks attributed to serotonin observed in the 100 µM spectrum; purple dashed lines denote
peaks attributed to serotonin observed in the 100 nM spectrum (the two most intense characteristic
peaks are observed at 922 cm-1 and 954 cm-1). The blue shaded area is in the same location in both
plots and covers significant peaks attributed to CPC. Peak positions uniquely attributed to either
CPC or serotonin do not overlap.
While removal of stabilizing ligands from colloidal nanoparticles often causes irreversible
particle aggregation, a solid support should enable nanoparticles to maintain their discrete
positions.173 To remove surface-bound CPC, we employed a Soxhlet extraction, which solubilizes
CPC through continuous exposure to warm, distilled water for a period of 36 hours. A solid
precipitate was recovered after solvent evaporation and confirmed to be CPC using infrared
spectroscopy (Figure A.4.9). To demonstrate detection of serotonin, SERS spectra were obtained
under various experimental conditions and compared to CPC and serotonin spectra calculated
using electronic structure methods (Figure 5.4a, blue trace, and Figure 5.4b, red trace,
respectively). As expected, pristine plasmonic paper exhibits little SERS activity, both with and
without exposure to serotonin (Figure 5.4a). At this point, nanoparticles are coated with CPC;
weak peaks are evident at ~1030 cm-1 for each trace, indicating the presence of CPC on the gold
surface. Interestingly, the Soxhlet extraction significantly affects the SERS response of a blank
sample (Figure 5.4a, black trace), where we hypothesize that the partial removal of CPC reduces
inhomogeneous broadening such that CPC SERS peaks can be more easily resolved. Indeed, the
peak intensity at ~1030 cm-1 increases dramatically after Soxhlet extraction. CCs maintain their
physical structure after partial ligand loss (Figure A.4.10), and subsequent incubation in aqueous
serotonin solutions leads to improved SERS activity. Specifically, serotonin can be detected at
both 100 µM (Figure 5.4b, green trace) and 100 nM (Figure 5.4b, purple trace). The ability to
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detect serotonin below serum concentrations validates anisotropic nanoparticle plasmonic paper
as a promising and versatile detection platform.
Conclusions
The in situ growth of anisotropic nanoparticles with controlled shape and size on a complex
surface reveals a versatile approach to the preparation of nanoparticle-based functional substrates.
Using anisotropic nanoparticles rather than spherical ones results in a marked improvement in
SERS performance, representing a significant advance for plasmonic paper as a detection platform.
Moreover, this work establishes the potential of anisotropic nanoparticles to detect arbitrary
analytes that have a distinct Raman fingerprint. Specifically, one can investigate molecules that do
not bind strongly to the nanoparticle, greatly expanding the capabilities of anisotropic
nanoparticles as tools for techniques in which surface access is critical. As a result, the structure
and properties of the building blocks used for nanoparticle-based substrates can be tailored toward
applications in detection, sensing, and catalysis.

Methods
Materials
HAuCl4·3H2O (>99.9%), NaBH4 (99.99%), L-ascorbic acid (reagent grade), AgNO3
(99.9999%), 1,4-benzenedithiol (BDT, powder), absolute ethanol (>99.5%), serotonin
hydrochloride (99%), and Whatman #4 filter paper were purchased from Sigma-Aldrich, USA.
Cetyltrimethylammonium bromide (CTAB, >99%) and cetylpyridinium chloride (CPC, high
purity grade) were purchased from BioWorld, USA. Colloidal gold nanoparticles (60 nm) were
purchased from Ted Pella, USA. All materials were used as received.

89
Plasmonic Paper Synthesis
Plasmonic paper samples (1 x 1 cm) were synthesized either by direct nanoparticle loading
or seed loading followed by in situ anisotropic growth (Figure A.4.1). Spherical nanoparticle
plasmonic paper was prepared by rotating filter paper in 2 mL commercially available 60 nm Au
nanoparticles (Ted Pella) for ~3 days. Anisotropic nanoparticles were synthesized using a seedmediated growth method (note that all glassware used for nanoparticle synthesis was cleaned with
Aqua Regia prior to use).4, 7 To initiate small (~2-4 nm) seed nucleation, 125 µL of 10 mM HAuCl4
was added to 5 mL of 100 mM CTAB. 300 µL of ice cold 10 mM NaBH4 was added into the
solution and stirred for one minute. To overgrow seeds to a size compatible with uniform
anisotropic growth (~20 nm), 240 µL of the small seed solution was added to a mixture of: 200
mL of 100 mM CTAB, 10 mL of 10 mM HAuCl4, 0.25 mL of 10 mM AgNO3, 1.14 mL of 100
mM L-ascorbic acid, and were gently stirred in a 28°C water bath for 2 hours. We note that a
reduced amount of Ag is used in our synthetic recipe; this is to promote the growth of spherical
nanoparticles rather than higher aspect ratio rods.
The ~20 nm seed solutions were centrifuged twice at 10,000 rpm for 15 minutes, first
suspended in Nanopure water, then in 100 mM CPC (where seeds can be stored at room
temperature for several months, at least) and brought to 1 OD. Filter paper pieces were rotated in
2 mL seed solution, typically for 3 days, after which >90% of seeds adsorb (Figure A.4.1).
Concave rhombic dodecahedra (CRDs) and concave cubes (CCs) were synthesized using
previously reported recipes. 70 nm CCs were synthesized by adding a 1 x 1 cm seed-loaded sample
to a solution of: 12.5 mL 100 mM CPC, 625 µL 1 M HCl, 625 µL 10 mM HAuCl4, 156.25 µL 10
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mM AgNO3, and 178.125 µL 100 mM ascorbic acid and stirring for 2 hours. To increase CC size,
the volume of each reactant (including CPC) was scaled up, such that the reactant ratios remained
constant (note that the volumes of each aqueous solution, not their concentrations, were changed).
110 nm CCs and 135 nm CCs were synthesized by adding 1 x 1 cm seed-loaded samples to the
above growth solution scaled up by 6 and 12 times, respectively.
CRDs were synthesized by adding a 1 x 1 cm seed-loaded sample to a solution of 50 mL
10 mM CPC, 1 mL 10 mM HAuCl4, and 11.3 mL 100 mM ascorbic acid and stirring for 30
minutes. In all cases, samples of the growth solution surrounding the plasmonic paper samples
were obtained and used for UV-vis measurements. 110 nm CCs were also further analyzed using
scanning transmission electron microscopy. Plasmonic paper samples were then washed and stored
in Nanopure water.
Soxhlet Extraction
Plasmonic paper samples were placed in the main chamber of a Soxhlet extractor for
continuous exposure to water for ~36 h. Water was heated in a round bottom flask (with stirring)
in an oil bath set to 135°C, and condensed in a reflux condenser.
UV-visible-nIR Spectroscopy
UV-vis-nIR measurements of colloidal nanoparticle solutions were performed with a
Cary5000 (Agilent).
Scanning Electron Microscopy (SEM) and Scanning Transmission Electron Microscopy (STEM)
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SEM images were acquired using a Hitachi SU8030, operated at 5 kV and 10 µA. Samples
were first sputtered with ~10 nm of a AuPd alloy to improve conductivity. STEM images were
obtained using a Hitachi HD2300 STEM, operated at 200 kV.
Surface-Enhanced Raman Spectroscopy (SERS)
Plasmonic paper samples were prepared by incubating dried paper with specified
concentrations of BDT (in absolute ethanol) and serotonin (in Nanopure water). BDT samples
were incubated overnight, and serotonin samples were incubated over three nights. After drying,
SERS measurements were taken with a Witec Alpha300 (RAS model) Raman spectrometer. For
BDT samples, measurements were all taken with 785 nm laser excitation with P = 10 mW and
acquisition time = 5 s. For serotonin samples, P = 5 mW and t = 5 s were used.
Electrodynamics Calculations
Extinction spectra and surface-averaged Raman enhancement factors were calculated using
the FDTD method implemented by Lumerical Solutions, Inc. CC geometries were modeled as
cubes of edge length L with inverted pyramids of height h removed from each face such that the
concavity angle tan*+

,.

= 16.5°, which is consistent with previous reports of CCs being

enclosed by high-index {720} facets.8 The surrounding refractive index was taken to be 1.33, as
the experimental extinction spectra were recorded in water, and Au dielectric function data was
taken from Johnson and Christy.174 In all extinction calculations, a broadband TFSF source was
used, and a 0.25 nm mesh override region was employed to resolve the sharp CC tips. Surfaceaveraged Raman enhancement factors were computed for freestanding CCs immersed in a
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background refractive index of 1.33. The electric field was spatially averaged on a cubic ~1 nm x
1 nm grid at a fixed distance of 0.5 nm normal to the CC surface.
Density Functional Theory Calculations
Electronic structure calculations in this work were performed using the Amsterdam Density
Functional (ADF) computational chemistry package.175 Geometry optimization, frequency, and
Raman polarizability calculations were completed using the Becke-Perdew (BP86) generalized
gradient approximation (GGA) exchange correlation functional and a triple-ζ polarized (TZP)
Slater orbital basis set. Static Raman polarizabilities (ωex = 0) were calculated in the RESPONSE
package by two-point numerical differentiation using the RAMANRANGE keyword. Differential
Raman scattering cross-sections were determined from:
𝜕𝜎 𝜋 ,
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where ω and ωj are the frequencies of the incident field and of the jth vibrational mode,
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respectively.176 The scattering factor S is equal to 45𝛼MN + 7𝛾MN where 𝛼MN is the isotropic and 𝛾MN

,

is the anisotropic polarizability derivatives. Raman scattering intensities calculated using this
method were broadened and fit to a Lorentzian distribution with a full-width half-maximum of 20
cm−1, similar to the experimentally measured line widths. These parameters were used to calculate
the normal Raman spectrum of BDT and serotonin at 785 nm.
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Chapter 6 Conclusions and Outlook

Summary and Conclusions
This work shows that AAO templates enable: 1) the synthesis of uniform perovskite
nanowires of tunable size and composition, 2) architectural and compositional control over shell
nanostructures (i.e. nanorings and nanotubes), 3) architecture-controlled interfaces between
perovskite nanowires and tubular shell structures of interest (e.g. charge extracting material
CuSCN) via COAL, and 4) simple characterization of these complex materials using bulk
techniques such as XRD and TRPL.
More specifically, this work establishes a composition general method to synthesize
perovskite nanowires with controlled diameter. The synthesis of perovskite nanowires within
AAO—which had not previously been reported for these compositions—are more uniform than
those synthesized by other methods,27, 28, 31, 63, 74 and concurrently, templated synthesis affords
precise size tunability. Additionally, this technique does not require the use of unique ligands or
surface chemistries for each new perovskite composition. The substrates used for synthesis
(TiO2/FTO-bound AAO) should enable a facile transition from fundamental nanowire
characterization to array photovoltaic device fabrication, as TiO2, FTO, and AAO can act as a
hole-blocking layer, transparent anode, and stabilizing scaffold, respectively, in an operational
device. Thus, this establishes a route to perovskite-based, oriented nanowire array photovoltaics,
which could be systematically modified in nanowire diameter, length, spacing, and composition
to achieve optimal device performance.
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The perovskite nanowire solar cell device architecture (with axial junctions only) proposed
in this work is indeed compatible with fabrication and testing (Figure 6.1). After perovskite
nanowire synthesis within AAO, spin coating of Spiro-OMeTAD (a frequently used hole transport
material in perovskite solar cells) and evaporation of a metallic top electrode (Au or Ag) leads to
a completed device.
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Figure 6.1. Operational solar cells based on perovskite nanowire arrays. (a) Scheme and (b) crosssectional SEM image of a completed device. (c) Photograph of a device substrate using a Ag top
electrode; 8 devices are active on the substrate pictured. (d) I-V curve of a representative device,
with the relevant photovoltaic parameters (open-circuit voltage (VOC), short-circuit current density
(JSC), fill factor (FF), and power conversion efficiency (PCE)) shown in comparison to those of a
state-of-the-art device from the literature.177 (Unpublished work)
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Comparing these reported solar cell performance metrics to literature benchmark values, it
is clear that poor JSC and FF values are precluding these devices from achieving greater PCE (VOC
is relatively high, as the energy band alignment between the materials used is known to be
appropriate, and because nearly all AAO pores contain perovskite nanowires, there are minimal
shunting pathways). FF describes internal energetic losses; one can typically attribute reductions
in FF to charge transport layers being too thick or poor junction quality between materials.
Similarly, losses in JSC can occur when excited charges within perovskite are not effectively
separated and collected; in this case, the axial dimension of the perovskite nanowires may be too
long for a larger percentage of excited charges to be extracted by TiO2 and Spiro-OMeTAD (this
value is near unity for top-performing devices).
The most effective way to improve FF is likely to improve junction quality, both between
perovskite – TiO2 and perovskite – Spiro-OMeTAD. This could be achieved by: 1) realizing more
reliable bottom-up growth of perovskite nanowires within AAO pores and 2) gaining independent
control over AAO template thickness and perovskite nanowire length (such that nanowires can
entirely fill the AAO pores). New synthetic approaches can be further developed to address these
issues and should lead to improved FF (refer to Future Directions for additional discussion).
Furthermore, the data from Chapter 4 (Figure 4.3, Table 4.1, Figure A.3.4) indicate that while
perovskite nanowires exhibit long lifetimes, charge extraction is not the dominant charge
quenching mechanism in axial heterojunction structures. Thus, adopting a core-shell nanowire
architecture should enable the collection of more charges, improving JSC.
Taken together, these results describe both an opportunity and a challenge. It is clear that
the perovskite core – CuSCN shell architecture shows promise for array-based photovoltaic
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devices; however, fabricating such devices with reliable performance at scale remains difficult.
Indeed, sequential electrodeposition steps (which require a conductive underlying substrate),
rather than simple spin coating on a substrate (which still works if one has an insulating underlying
substrate, such as the area outlined in orange in Figure 6.1c, which is remarkably helpful for device
testing) present significant logistical challenges in preparing device-ready core-shell nanowire
arrays. Still, this synthetic realization, coupled with the materials generality of nanomaterial
synthesis within AAO,80, 155 should enable the preparation of oriented core-shell nanowire arrays
based on poorer performing (i.e. those with shorter charge diffusion lengths), but more practically
advantageous (i.e. Pb-free), semiconductor materials.104, 105 The use of smaller AAO pores allows
one to reliably achieve nanowire core diameters down to ~25 nm,79 such that efficient charge
separation could be realized using materials with average charge diffusion lengths as low as ~10
nm.
Future Directions
Using COAL for core-shell nanostructures, one deposits perovskite after both charge
transport materials (TiO2 and CuSCN in Chapter 4); thus, one can bypass synthetic limitations
associated with the chemical and thermal instability of perovskite. As a result, one can employ
both electron and hole transport materials that are deposited from aqueous solutions and/or require
high temperature annealing, greatly expanding the materials toolbox compatible with perovskitebased devices. One example of an additional p-type semiconductor used as a hole transport
material in perovskite solar cells is nickel oxide.36 Indeed, nickel oxide nanotubes (and
subsequently core-shell nanostructures) can be prepared using a similar procedure as was
described for CuSCN nanotubes (Figure 6.2).
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Figure 6.2. COAL for perovskite core - nickel oxide shell nanowire array synthesis. (a) Synthetic
scheme comparable to those shown in Figures 3.1 and 4.1. (b) Scheme of potential perovskite core
– NiOx shell photovoltaic device. (c) Top-down SEM image of NiOx nanotubes, prepared by
annealing Ni nanotubes at 450 ºC for 30 min in air. (Unpublished work)
This result shows that: 1) multiple charge transport materials of interest can be synthesized
as nanotubes via COAL and 2) reactions can occur within AAO templates to generate additional
materials not directly accessible via electrodeposition or solution-casting. This observation greatly
increases the number of materials one can employ as an architecture-controlled nanostructure
within AAO.
One way to improve FF in solar cells (as discussed above) is to improve junction quality,
both between perovskite – TiO2 and perovskite – Spiro-OMeTAD. Using the design depicted in
Figure 6.1, one is relying on a high-quality junction to be formed between perovskite and TiO2 at
the bottom of each pore. However, this junction is not well-characterized and could be the source
of considerable series resistance. Similarly, one is relying on Spiro-OMeTAD to penetrate the
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AAO pores and make contact with the perovskite nanowires within them. Again, it is unclear how
much series resistance this is adding to the system. Accordingly, new methods should be developed
towards 1) more reliable bottom-up growth of perovskite nanowires within AAO pores and 2)
gaining independent control over AAO template thickness and perovskite nanowire length (such
that nanowires can entirely fill the AAO pores). Both of these goals can be achieved via a new
nanowire growth approach: electrodeposition of a Pb compound followed by a vapor-phase
reaction with CH3NH3I in a chemical vapor deposition (CVD) tube furnace (Figure 6.3).
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Figure 6.3. Perovskite nanowire synthesis using an electrodeposition / CVD approach. (a) Scheme
and SEM images depicting the synthetic process. (b) Photographs of the CVD tube furnace
containing the CH3NH3I source boat and the tilted sample substrate. (c) XRD patterns before
(orange) and after (purple) the CVD reaction, confirming the growth of CH3NH3PbI3 perovskite
nanowires. Asterisks denote FTO peaks. (Unpublished work)
Using this electrodeposition / CVD approach, one is able to: 1) start with precursor material
that is likely to have a high-quality junction with the TiO2 film at the bottom of each pore
(electrodeposition leads to selective bottom-up growth from that conductive interface), 2) employ
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a vapor-phase growth reaction, which typically leads to higher crystal quality products, and should
not disrupt the junction at the bottom of each pore, and 3) gain independent control over perovskite
nanowire length and AAO template thickness (using the solution-casting method employed in this
work, perovskite nanowires fill up approximately two-thirds of the AAO pores). As a result, a
better junction with Spiro-OMeTAD at the top of the template should be achievable; furthermore,
a thinner Spiro-OMeTAD layer could be used, as no diffusion into the AAO pores is necessary.
Each of these benefits should, in principle, improve FF.
One issue that arises using this synthetic approach is added difficulty in precisely
controlling perovskite composition / stoichiometry. Using the solution-casting method, one can
simply adjust the composition of the precursor solution to realize a desired final stoichiometry
(e.g. mixing PbCl2 with CH3NH3I to introduce chloride ions, which is known to improve charge
lifetime,45, 50 tuning Br content in CH3NH3PbI3-xBrx (x = 0 – 3) to control the bandgap,48 etc.).
Similar control would be difficult to effect using a vapor-phase growth method, where multiple
precursor materials would need to be placed in the source boat (at an optimal mass ratio), and an
optimal tube furnace temperature would need to be found for each desired composition.
However, mixed stoichiometry is not always necessary. Indeed, desirable Sn-based
perovskites such as Cs2SnI6 have recently been synthesized by vapor-phase growth105 and can act
as the light-absorbing semiconductor in operational solar cells,178 albeit with poor performance
thus far. One way to improve the device performance of Cs2SnI6, and Pb-free perovskites in
general, could be through controlled nanostructure. Indeed, CVD-grown Sn-based perovskite
nanowire array solar cells employing a core-shell architecture could overcome one of the main
issues encountered in this space: short charge diffusion lengths in Sn-based perovskites. Poor band
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alignment between Cs2SnI6 and TiO2 also causes a significant efficiency loss in these devices;
accordingly, beyond materials generality of the nanostructures deposited into the AAO pores, one
may also need to consider generalizing the underlying adhesion / charge extracting film. One
semiconductor that may have proper band alignment with Cs2SnI6 is ZrO2; when doped n-type
with CTAB, ZrO2 has been shown to exhibit suitable electron extracting and transport behavior in
perovskite solar cells.179 With hole-extracting nanotubes, such as CuSCN or NiOx, an all-inorganic
solar cell could be realized.
FTO

n-ZrO2

AAO

Sn perovskite

CuSCN / NiOx

Au

Figure 6.4. Scheme of proposed all-inorganic core-shell nanowire array solar cell based on CVDgrown Sn-based perovskite nanowires.
From these results, it is apparent that one is not limited to materials that can be synthesized
directly within AAO; in addition, one can prepare materials that are reaction products of precursor
materials previously synthesized in AAO (e.g. NiOx from Ni, CH3NH3PbI3 from PbOx). This
concept greatly enlarges the materials toolbox enabled by AAO templates; wherein one can now
synthesize an ever-expanding library of nanomaterials synthesized by electrodeposition (metals,
inorganic semiconductors, and polymers), solution-casting (perovskites), and reaction products of
these materials (compatible with liquid-solid and vapor-solid reactions under a wide range of
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chemical and thermal conditions). Beyond materials generality, one can rationally design complex
interfaces (e.g. semiconductor-semiconductor core-shell nanowires and related structures) with
independent control over all relevant architectural parameters (i.e. characteristic diameter and
length of each material). The ability to controllably produce complex nanomaterials and interfaces
that are impactful in optoelectronics validates AAO as a powerful platform for nanomaterial
synthesis by design.
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Appendix 1: Supplementary Figures and Table for Chapter 2

Figure A.1.1. Control over average nanowire length via template thickness. SEM images of ~200
nm diameter nanowires synthesized in (a) ~725 nm-thick AAO, measuring 417 ± 57 nm in length,
and (b) ~1.4 µm-thick AAO, measuring 946 ± 207 nm in length. For (a), the reported average
spans all nanowire diameters within ~725 nm-thick AAO as presented in the main text, for a total
of 250 length measurements describing nanowires of 5 different diameters (this image is also
presented in Figure 2.1g). For (b), 50 nanowire lengths were measured for 200 nm diameter
samples within ~1.4 µm-thick AAO. These data suggest that dispersity in length increases with
greater template thickness.
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Figure A.1.2. Effect of surface cleaning demonstrated by top-down images of AAO templates (a)
before and (b) after exposure to DMSO:chlorobenzene solution. Scale bars are 1 µm.
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Figure A.1.3. Uniformity in the large-area synthesis of CH3NH3PbI3 nanowires. The template was
prepared at 40 V anodizing potential (Figure 2.1d, Figure A.1.4b). After nanowire array synthesis
over a ~75 cm2 area (a; Fig. 1b), SEM samples were prepared from the noted locations from the
large area substrate. Nanowire measurements were: (b) diameter (D) = 71.0 ± 4.4 nm and length
(L) = 401 ± 66 nm; (c) D = 75.5 ± 7.8 nm, L = 421 ± 41 nm; (d) D = 74.7 ± 6.8 nm, L = 423 ± 57
nm; (e) D = 78.4 ± 9.3 nm, L = 405 ± 59 nm; (f) D = 74.5 ± 5.5 nm, L = 390 ± 67 nm. This leads
to an average D = 74.2 ± 7.4 nm and L = 405 ± 60 nm across the sample (these are independent
measurements from those reported in Fig. S1). Scale bars are 1 µm.
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Figure A.1.4. Top-down images of AAO templates used in this investigation. All samples were
anodized under constant potential. Shown here are samples anodized at (a) 30 V, (b) 40 V, (c) 60
V, (d) 90 V, and (e) 120 V; (a), (b) and (c) were anodized in 0.3 M aqueous oxalic acid and (d)
and (e) were anodized in 0.3 M aqueous malonic acid. Samples were subsequently pore-refined
with 0.25 M NaOH for (a) 1.5 min, (b) 2 min, (c) 3 min, (d) 5 min, and (e) 6 min. Scale bars are
500 nm.
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Figure A.1.5. Representative PXRD patterns of CH3NH3PbI3 nanowires of controlled diameter.
Five peaks characteristic to the CH3NH3PbI3 perovskite crystal (space group: I4/mcm) are noted
above the pattern for 200 nm nanowires (blue trace), which are consistent among each sample. The
FWHM values of these peaks are subsequently used for Williamson-Hall analysis. Artifacts from
background subtraction can be observed near 37-38°.
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Figure A.1.6. Representative Williamson-Hall plots for crystallinity analysis, based on the
patterns shown in Figure A.1.5. For plots (a) – (e), the quantity (4sinθ) is plotted on the x-axis and
the quantity (FWHM*cosθ) is plotted on the y-axis. FWHM is the full-width at half-maximum for
the five diffraction peaks shown in Fig. S5 for each individual sample. Shown here are
representative plots for (a) 50 nm, (b) 70 nm, (c) 110 nm, (d) 150 nm, and (e) 200 nm diameter
samples. Each show a good linear fit and are subsequently used to extract information about
estimated microstrain (Figure 2.2a) and relative crystallite size. (f) Relative crystallite size (C) for
each nanowire diameter (D) normalized to the value for 110 nm nanowires. Three plots were
obtained for each nanowire diameter, and strain and relative crystallite sizes were averaged (Figure
2.2a, Figure A.1.6f). Error bars represent one standard deviation.
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Figure A.1.7. Raw PXRD pattern of Cs2SnI6 nanowires recrystallized from water (backgroundsubtracted pattern shown in Figure 2.3c). Here we show the presence of higher order peaks not
clearly visible in the main text, in addition to noting a CsI impurity peak (likely due to minor
degradation via water exposure). The achievement of greater signal (by synthesizing longer
nanowires) as well as more thorough investigations of different solvents for Cs2SnI6 deposition
and the semiconducting quality of these Cs2SnI6 nanowires will be the focus of future studies.
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Table A.1.1. Time-resolved PL lifetime data for each CH3NH3PbI3 nanowire sample, averaged for
10 data points (over multiple samples and multiple spots on each sample). A1 and A2 represent the
percentages of the excited charge carrier population that are described by fast and slow decay,
respectively. τ1 and τ2 represent the average charge lifetimes in each of those populations. τc values
are the same as those presented in Fig. 2b in the main text.
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Figure A.2.1. The three characteristic surface plasmon resonance modes of nanorings.
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Figure A.2.2. Analysis of a 35 nm template pore refined for (a) 0, (b) 3, (c) 6, and (d) 9 minutes
by exposure to 0.5 M NaOH. Scale bars are 100 nm.
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Figure A.2.3. STEM images of PANI (dark contrast) encased in Ni (light contrast), showing the
reduction in PANI diameter (Di) with increasing ethanol concentrations and times. Ni diameters
are effectively constant at around 160 nm. Only a slight decrease in diameter is observed between
samples with 70% EtOH treatment for 30 minutes and 80% EtOH renewed with 90% EtOH for 30
minutes each. The former yields a pure nanoring solution whereas the latter yields a mixture of
rings and disks. Scale bars are 100 nm.
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Figure A.2.4. STEM image of a Au nanoring with sacrificial Ni shell segment and Ni base. The
effect of pore-widening is evident from the difference in diameter of the Ni rod base and the shell
segments.
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b
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Figure A.2.5. STEM images of nanorings composed of (a) Pt, (b) Ag, (c) Pd, and (d) Ni. An image
for Au nanorings is provided in Figure 1 of the main text. It is worth noting that most of the
nanorings presented in this figure were imaged in their side-view orientation since nanorings with
aspect ratios greater than 1 (height:diameter) tend to land on their longer edge as opposed to their
shorter edge.
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b

Figure A.2.6. Largest Au nanorings synthesized in 270 nm pore diameter template. (a) Top view
SEM image used to measure average inner and outer diameters. (b) STEM image of a single
nanoring in solution.
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Figure A.2.7. Calculated extinction spectra (orientation-averaged) of Au nanorings with
increasing outer diameters. The spectra for the 60 and 90 nm outer diameter samples match the
experimental data in Figure 3.3 quite closely.
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Figure A.2.8. Calculated extinction spectra (detailed to illustrate the face, in-plane, and out-ofplane plasmonic modes individually and orientation-averaged) of Au nanorings referred to as (a)
18 min widened, (b) 3 min widened, (c) 18 min widened+thinned, (d) 18 min widened (tall) in the
main text Figure 3. Note that we are unable to synthesize or simulate a nanoring sample that
separates all three LSPRs, as the face and in-plane resonances are nearly always positioned at the
same wavelength.
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Figure A.2.9. Calculated extinction spectra (in-plane plasmon resonances) of elliptical Au
nanostructures. For Au nanorings of 80 nm fixed height, inner and outer dimensions of the
nanorings (in the x-y plane) are modified to resemble elliptical nanostructures similar to those
observed in the top-view SEM images presented in Figure 3.2. Nanoring dimensions in the y-axis
were kept fixed (80 and 160 nm for the inner and the outer diameters, respectively) whereas the
inner and the outer dimensions defined in the x-axis are (top) 80 and 160 nm, (middle) 102 and
182 nm, (bottom) 140 and 220 nm. The spectra are offset for clarity. The experimental extinction
spectra shown in Figures 3.3 and 3.4 are red-shifted from the simulations for all 100 nm template
samples. The simulations shown here suggest that dispersity in nanoring shape (circular vs.
elliptical) could account for some of this discrepancy between simulated and experimental
extinction spectra. We also observe a slight broadening of the extinction peaks with greater
elliptical shape.
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Figure A.2.10. STEM image of broken and malformed rings resulting from insufficiently long Au
ring segments in a 35 nm pore diameter template sample.

128
Table A.2.1. Summary of Au ring dimensions demonstrating both coarse and fine tuning of length
parameters. Sample size = 50 for all cases. Reported error measurements represent one standard
deviation.
Nominal
pore
diameter
(nm)

Pore
refinement
in 0.5 M
NaOH

Pore
widening
in 0.5 M
NaOH

Polymer
thinning

Outer
diameter
(nm)

Inner
diameter
(nm)

Height (nm)

Aspect Ratio
(outer
diameter/height)

Main
Text
Ref.

Figs.
3, 4

100 (base
case)

None

18 min

None

178.9±17.2

95.0±11.5

82.9±7.1

0.46±0.06

100

None

3 min

None

156.1±16.0

96.3±11.7

60.7±8.5

0.39±0.07

Fig. 4a
Fig. 4c

318.9±28.1
100

None

18 min

None

177.5±17.1

94.6±10.2

(5x charge as
base-case
sample)

1.80±0.23

Fig. 4b
30 min
70% EtOH
100

None

18 min

177.4±15.9

63.9±11.0

73.6±7.0

0.41±0.05
Fig. 3

30 min
35

2 min

10 min

70% EtOH

63.2±5.1

25.6±3.3

47.2±4.3

0.75±0.09

55

2 min

15 min

None

95.1±9.6

36.7±6.0

41.5±6.5

0.44±0.08

270

None

20 min

None

395.8±29.5

233.4±19.7

N/A

N/A

Fig. 3
-
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FTO

TiO2

AAO

CuSCN

500 nm

Figure A.3.1. Additional scanning electron microscopy (SEM) image and scheme of CuSCN
nanotubes suspended in anodic aluminum oxide (AAO) pores after dissolution of the Ni base
segments.
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Figure A.3.2. (a) Scheme and (b) cross-sectional SEM image of perovskite nanowires with an
axial junction with a TiO2 film at the bottom of each AAO pore. Scale bar is 500 nm.
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Figure A.3.3. Lattice microstrain (εWH) estimation from Williamson-Hall plots. Data are obtained
from diffraction patterns of (a) axial and (b) radial heterojunction perovskite nanowire samples;
εWH is estimated as the slope of the linear fit. The four most intense peaks (at approximately 14.1º,
28.4º, 31.9º, and 40.7º) were chosen for analysis. Negative εWH values are indicative of lattice
contraction due to crystalline defects.
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Figure A.3.4. (a) Cross-sectional SEM image of perovskite nanowires deposited onto SiO2passivated gold nanostructures. Using this experimental setup, perovskite nanowires without
contact to a charge extracting material (e.g. TiO2 film at the pore bottoms) can be studied. Only in
contact with insulators, (b) time-resolved photoluminescence decay curves are fit to a
biexponential function, as charge extraction is no longer a decay mechanism. Fit parameters are
noted in (b). 𝜏1 and 𝜏2 values closely match those assigned to radiative recombination and defectmediated recombination, respectively, in the main text.
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Figure A.3.5. Increase in charge lifetime after dissolution of CuSCN nanotubes. (a) XRD and (b)
TRPL after exposure of core-shell nanowire samples to a 1:1 (v:v) mixture of chloroform and
chlorobenzene for 5 min. This solvent mixture dissolves CuSCN faster than it dissolves the
perovskite, as evidenced by the disappearance of CuSCN diffraction peaks (with some perovskite
degradation shown by a ~3-fold reduction in absolute diffraction peak intensities compared to
core-shell nanowire samples, Figure 4.2). This reduces radial charge extraction, and thus 𝜏c
increases by over an order of magnitude compared to core-shell nanowires (Figure 4.3). We
observe a relatively short 𝜏c (compared to pristine nanowires) due to some perovskite degradation
during this processing step. As in the main text, population 1 refers to “slow” radiative
recombination, population 2 refers to defect-mediated recombination (with 𝜏2 consistent with that
observed for core-shell nanowires), and population 3 refers to charge extraction (largely occurring
at the perovskite – TiO2 interface, but with some radial extraction likely still occurring via
undissolved CuSCN, leading to a 𝜏3 value intermediate to samples employing axial and radial
heterojunctions). This result provides additional evidence that radial charge extraction is the
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dominant decay process in core-shell nanowires. Asterisks in (a) denote Al and FTO diffraction
peaks.
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Figure A.4.1. Direct loading versus in situ growth of concave cubes (CCs). Photographs of filter
paper with (a) directly loaded CCs and (b) CCs grown in situ from spherical seeds loaded on filter
paper. (c) UV-vis spectra of colloidal nanoparticle solutions before (solid) and after (dashed)
incubation with filter paper for specified periods of time. Spherical seeds are loaded with a
considerably higher density than CCs. SEM images of (d) solution-synthesized CCs, (e) spherical
seeds loaded onto paper, and (f) CCs grown in situ from spherical seeds.
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Figure A.4.2. Additional representative SEM images of 110 nm CC (top row, middle row) and 75
nm concave rhombic dodecahedra (CRD, bottom row) plasmonic paper, illustrating yields >75%.
Scale bars are 1 µm.
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Figure A.4.3. Scanning transmission electron microscope (STEM) images of particles desorbed
from filter paper during anisotropic growth of a 110 nm CC sample as described in the main text.
CC edge lengths measure 110 ± 13.8 nm, verifying the UV-vis spectra of colloidal solutions of
these particles accurately represent the nanoparticles remaining on the paper.
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Figure A.4.4. Histograms showing the distributions of background-subtracted 1,4-benzenedithiol
(BDT) maximum Raman intensities. All spectra were collected using a 785 nm laser with P = 10
mW, t = 5 s. For the sphere sample, n = 10; for all other samples, n > 25.

139
4000

t=0

3500

t ~ 6 months

Raman Intensity

3000

2500

2000

1500

1000

500

0
400

600

800

1000

Wavenumber

1200

1400

1600

(cm-1)

Figure A.4.5. Stability of BDT SERS response of 110 nm CC plasmonic paper over a period of
approximately 6 months, as shown by representative SERS spectra. The green trace represents
samples tested immediately after BDT incubation (the manner in which a typical experiment was
conducted; average maximum intensity = 3800 cts), and the black trace represents samples tested
approximately 6 months after BDT incubation (samples stored in a dark, sealed sample holder;
average maximum intensity = 3500 cts). Spectra were obtained with a 785 nm laser at P = 10 mW,
acquisition time = 5 s.
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Figure A.4.6. Electric field |E| cross sections for a (a) 60 nm sphere and (b) a 110 nm edge length
CC. Minimum distances between CC surface and cross section planes are 2 nm.
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Figure A.4.7. Additional STEM images of desorbed nanoparticles from (a), (b) 70 nm CC samples
(measuring 75 ± 8.7 nm in edge length) and (c), (d) 135 nm CC samples (measuring 141 ± 8.0 nm
in edge length).
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Figure A.4.8. Chemical structures of (a) cetylpyridinium chloride (CPC) and (b) serotonin.
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Figure A.4.9. Infrared (IR) spectroscopy of the precipitate recovered from the Soxhlet extraction
solvent (red trace) compared to a CPC standard (black trace). The spectra are in very close
agreement.
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Figure A.4.10. SEM images of CCs after Soxhlet extraction. CCs maintain their structure, spacing,
and stability after partially losing their surface ligands. Scale bars are 500 nm.

