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ABSTRACT: Localized surface plasmon resonances (LSPR) in TiO2 nanorod and nanotube 

arrays decorated by gold nanoparticles can be exploited to improve photocatalytic activity, 

enhance non-linear optical coefficients and increase light harvesting in solar cells. However the 

LSPR typically has a low quality factor and the resonance is often obscured by the Urbach tail of 

the TiO2 band gap absorption.  Attempts to increase the LSPR extinction intensity by increasing 

the density of gold nanoparticles on the surface of the TiO2 nanostructures invariably produce 

peak broadening due to the effects of either agglomeration or polydispersity. We present a new 

class of hybrid nanostructures containing gold nanoparticles (NPs) partially embedded in 

nanoporous/nanotubular TiO2 by performing the anodization of co-sputtered Ti-Au thin films 

containing a relatively high ratio of Au:Ti.  Our method of anodizing thin film stacks containing 

alternate layers of Ti and TiAu results in very distinctive LSPR peaks with quality factors as high 

as 6.9 and ensemble linewidths as small as 0.33 eV even in the presence of an Urbach tail. 

Unusual features in the anodization of such films are observed and explained, including 

oscillatory current transients and the observation of coherent hetero-interfaces between the Au 



NPs and anatase TiO2. We further show that such a plasmonic NP-embedded nanotube structure 

dramatically outperforms a plasmonic NP-decorated anodic nanotube structure in terms of the 

extinction coefficient, and achieves a strongly enhanced two-photon fluorescence due to the high 

density of gold nanoparticles in the composite film and the plasmonic local field enhancement.   

KEYWORDS: electrochemical anodization, titania nanotubes, heterogeneous catalysis, 

internal electric fields, solar fuels, nonlinear optical media. 

1. INTRODUCTION 

The anatase phase of TiO2 is a versatile large bandgap semiconductor prominently employed in a 

range of catalytic, optical, electronic and optoelectronic applications.1-3 Consequently, there 

exists a strong motivation to construct nanostructured TiO2−noble metal composites that can 

provide a LSPR-induced improvement in function and performance in devices such as dye-

sensitized solar cells, ordered bulk heterojunction photovoltaics, photocatalysts and optical 

sensors through the enhancement of local electromagnetic fields and is therefore a much pursued 

objective.4-12 The use of noble metal-semiconductor hybrid substrates in matrix-assisted laser 

desorption and ionization- time of flight (MALDI-TOF) mass spectrometry is receiving 

increasing attention for integration with surface enhanced Raman scattering (SERS)13 and also 

for obtaining a plasmonic enhancement of molecular yields while reducing interference from 

large proteins.14 A much less widely studied application is the generation of substrates for 

nonlinear plasmonics.   

 The conventional methods of decorating high surface area metal oxide nanotube and 

nanorod arrays by gold nanoparticles are (i) vacuum deposition followed by thermal dewetting15 

(ii) photocatalytic deposition16 (iii) thermal decomposition of surface-adsorbed gold salts17 (iv) 



surface anchoring of colloidal Au NPs18 and (v) various wet impregnation techniques.19 The 

maximum achievable LSPR extinction coefficients per unit film thickness are limited in the 

conventional method of noble metal decoration by polydispersity and agglomeration, due to 

which weak and/or broadened resonances partially obscured by the Urbach absorption tail of 

TiO2 are seen,20-21 instead of the sharp and distinct LSPR peaks observed for Au NPs in aqueous 

solutions. Even when the Au nanoparticles are used to decorate photonic crystal-like periodic 

TiO2 nanotube arrays, extremely broad or indistinct LSPR peaks were still observed in the 

optical spectra.22-23 Because the quality factor of the LSP resonance is inversely proportional to 

the peak-width, many of the reports on high-activity Au-TiO2 plasmonic photocatalysts that 

exhibit very broad resonances in their UV-Vis spectra,24 in actuality have very small local 

electric field enhancements. The use of Au-doped sols and RF co-sputtering have also been used 

to form Au NPs completely embedded within TiO2 thin films typically for nonlinear optics 

applications,25-26 but the effective surface area of these planar film architectures is rather low 

thus limiting applications in surface enhanced Raman scattering (SERS), photocatalysis and 

sensing.   

 We present here a method based on electrochemical anodization of co-sputtered TiAu 

films that produces high surface area nanostructures simultaneously exhibiting strong and 

distinct LSPR peaks unobscured by the extinction of the TiO2 nano-scaffolds.  Depending on the 

fabrication conditions - gold nanoparticle-decorated titania nanorods, nanotubes or nanopores 

were obtained. We collectively term these nanostructures Anodic PLasmonic Au-TiO2 

Engineered Nanocomposites (A-PLATENs). A-PLATENs allowed us to achieve a Quality factor 

(Q) for the plasmonic resonance that is considerably higher than previously published reports as 

shown in Table 1. The A-PLATENs also exhibited a strong enhancement of the two-photon 



luminescence when excited by femtosecond laser pulses at 800 nm.  As we demonstrate later in 

this report, A-PLATENs have unique features such as the fact that the gold NPs are partially 

embedded in the TiO2 and also the formation of select coherent hetero-interfaces between Au  

and TiO2. Our electrochemical method of synthesis does not result in surfactant-coated Au NPs 

unlike purely chemical methods and shares many features with physical methods of preparation 

of Au NPs such as laser ablation,27 which preclude the change in surface reactivity and 

undesirable modification of functional properties due to the presence of the surfactants. A-

PLATENs are expected to extend the usage of TiO2 nanotubes and nanorods in biosensing 

applications through enhanced fluorescence, refractive index sensitivity of the LSPR and higher 

conductivity in electrochemical sensors.28-32 A number of unusual features were observed in the 

anodization process due to the high gold content of the co-sputtered films, which could provide 

key insights into the anodic synthesis of metal oxide thin films and nanostructures from high 

concentration mixtures of valve metals and non-valve metals.  These aspects are discussed in 

more detail in the Results and Discussion section.   

Table 1.  Champion Q-factors obtained for the LSPR peaks in one-dimensional TiO2 

nanostructures decorated by gold nanoparticles 

Reference Type of 

nanostructure 

Method of Au NP 

decoration 

LSPR peak 

wavelength 

(nm) 

Plasmon 

Resonance 

Energy (eV) 

FWHM 

(eV) 

LSPR Q- 

factor 

This work  Au NP-decorated 

TiO2 nanorods, 

nanotubes and 

nanopores 

Electrochemical 

anodization of co-

sputtered Au-Ti 

thin films 

533 2.3253 0.337 6.9 

Y.-C. Pu et al, 

Nano Lett. 

(2013)33 

Au NP-decorated 

TiO2 nanowires 

Immersion in 

HAuCl4 and 

calcination at 300 

541 2.2940 *0.72 ~3.2 



Y. Tian, T. 

Tatsuma, J. 

Am. Chem. 

Soc. (2005) 34 

TiO2 film loaded 

with Au NPs 

Photocatalytic 

deposition in a 

porous TiO2 film 
560 2.2148 1.03 ~2.2 

Z. Bian et al, 

J. Am. Chem. 

Soc. (2014)35 

TiO2 mesocrystals 

modified with Au 

NPs 

Deposition-

precipitation, 

followed by 

centrifuge and 

evaporation 

539 2.3022 0.92 ~2.5 

J. Thomas, 

M. Yoon, 

Appl. Cat. B: 

Env. (2012)36 

TiO2 nanofibers 

doped with Au 

NPs 

Hydrothermal 

reaction and 

sonication with 

Au NPs 

552 2.2447 0.56 ~4.0 

Y. Wen et al, 

Nanoscale 

(2013)37 

Anatase/rutile 

mixed TiO2 

nanotubes 

precipitated with 

Au NPs 

Deposition-

precipitation with 

HAuCl4 and urea 559 2.2173 0.86 ~2.6 

Z. Jin et al, 

ACS Appl. 

Mater. 

Interfaces 

(2016)23  

Au NP-decorated 

monolayer TiO2 

nanotubes 

Anodic oxidation 

and 

photoreduction of 

HAuCl4 

582 2.1292 0.80 ~2.7 

A. Zhu et al, 

Anal. Chem. 

(2009)38 

Au NPs deposited 

on TiO2 

nanoneedle film 

12-15h immersion 

in Au NP 

suspension 

539 2.2997 0.51 ~4.5 

S.T. 

Kochuveedu 

et al, J. Phys. 

Chem. C 

(2012)39 

TiO2 nanospheres 

decorated by Au 

NPs 

TiO2 beads 

dispersed in 

citrate-capped Au 

NP solution 

535 2.3458 0.64 ~3.7 

Z. Zhang et 

al, J. Phys. 

Chem. C 

(2013)40 

TiO2 nanofibers 

decorated by Au 

NPs 

Electrospinning 

with 

postcalcination 

using HAUCl4 

574 2.1619 0.46 ~4.7 

A. Primo et 

al, Phys. 

Chem. Chem. 

Titania supported 

gold nanoparticles 

Sol-gel based thin 

films decorated 
539 2.2988 0.75 ~3.1 



Phys.(2011)41
 by spin-coating 

Y. Chen et al, 

Dalton Trans. 

(2012)42 

Au-decorated TiO2 

nanotube arrays 

Deposition of Au 

seeds in HAuCl4 

and in situ seed 

growth 

504 2.4583 0.41 ~6.0 

S. Luo et al, 

Sep. Pur. 

Tech.(2011)43
 

Gold nanotubes 

consisting of Au 

NPs embedded in 

TiO2 nanotube 

arrays 

Electrodeposition 

of Au NPs using 

HAuCl4  516 2.4032 0.66 ~3.6 

A.G. Dosado 

et al, J. 

Catalysis. 

(2015)44 

Au NPs deposited 

on TiO2 nanorod 

supports 

Deposition-

precipitation with 

urea using HAuCl4  
558 2.2233 0.46 ~4.8 

R. Ma et al, J. 

Am. Chem. 

Soc. (2004)45 

Au nanocrystal-

loaded titanate 

nanotube 

suspension 

Reduction of 

nanotubes in 

HAuCl4 
521 2.3801 0.51 ~4.7 

L. Bu et al, 

RSC Adv. 

(2015)46 

Au NPs deposited 

on TiO2 single 

crystal nanorods 

Photocatalytic 

reduction of 

HAuCl4 by the 

nanorods 

507 2.4455 0.93 ~2.6 

 

2. RESULTS AND DISCUSSION 

There is one prior report of anodizing Ti-Au bimetallic composites. Schmuki and colleagues 

fabricated TiO2 nanotubes decorated with 5 nm Au nanoparticles by the electrochemical 

anodization of Ti-Au alloy foils containing 0.02 at%, 0.2 at%, and 1 at% Au.47  They reported 

high activity for photocatalytic H2 production from ethanol solutions but did not report optical 

spectra for the Au NP-decorated nanotubes perhaps because their substrates were opaque. Our 

report differs from the aforementioned paper in a number of ways - we use bimetallic films with 

much higher gold content (typically 4-5 atom % of Au), we form the Ti-Au films by sputtering,  



we use a multilayer film stack containing alternate layers of undoped- and Au-doped Ti instead 

of a homogeneously doped Au-Ti film (see Figure 1b) and we collect optical spectra which are 

of paramount importance in this report.  Through a series of experiments, we determined that 

homogeneously doped Au-Ti films were unsuitable because the less reactive gold inhibited field 

assisted oxidation and etching for mild anodization conditions (low anodization voltage and low 

fluoride content in electrolyte), and was leached away by the electrolyte for stronger anodization 

conditions. On the other hand, we found an alternating film stack (Figure 1a) to both retain gold 

and generate a nanostructured anodic oxide provided that the both the initial and terminal films 

in the stack were undoped Ti films.  

 A distinctive feature of the anodization of the alternating Ti/Ti-Au film stack is the 

observation of oscillations in the anodization current (Figure 1d) with the number of current 

maxima corresponding to the number of Au-doped Ti layers. This is in contrast to the regular 

anodization of Ti where a single peak in the current is typically observed.  Two other differences 

are (i) the amplitude of the current maxima for the Ti/Ti-Au film stack is much higher than that 

observed for the anodization of Ti foils and films and (ii) the current minima are roughly 

constant or at least non-decreasing until the last maximum passes.  When the anodic process 

begins, the top-most Ti layer is first subjected to anodization and the current drops due to the 

formation of an insulating TiO2 barrier layer. At this point, chemical- and field-assisted etching 

of the barrier layer re-open conduction paths in the barrier layer leading to the more conductive 

Ti-Au layer underneath and thus resulting in the current increasing. In the Ti-Au layer, Ti 

transforms to TiO2 while Au nanoparticles are formed in tight bands (see Figure 1c) with 

significant diffusion into the surrounding regions, particularly nearly the top of the film stack. Au 

is not anodized and consequently, as the field-assisted oxidation process for the second undoped 



Ti layer proceeds to completion, the anodization current decreases again producing a peak (the 

first current maximum).  Likewise, current maxima are produced corresponding to the anodic 

oxidation of each of the undoped Ti layers below the surface layer.  Due to the diffusion of the 

gold into the surrounding regions, the conductivity of the anodized film stack, as a whole, is 

higher than that of a regular TiO2 barrier layer and accounts for the plateauing of the current 

minima in Figure 1d.  Figure 2 shows the morphologies of the Au-TiO2 nanocomposites obtained 

subsequent to anodization of the multilayer film stacks shown in Figure 1b in EG-based 

electrolytes containing fluoride ions. 

 

Figure 1. (a), (b) TEM cross-sectional image and schematic illustration of the thin film stack formed by 

sputtering alternate layers of Ti and Au-Ti on a glass substrate; (c) TEM image following anodization of the 

thin film stack showing bands of gold nanoparticles concentrated in regions corresponding to the Au-Ti layers 



and (d) current transients recorded during the electrochemical anodization of the film stack at 40 V in an 

ethylene glycol-based electrolyte containing F− species.  An electrolyte used for the very first time to perform 

anodization is :fresh" while if the electrolyte has been previously used to perform anodization, and therefore 

contains (TiF6)2− ions from the anodization process, then the electrolyte is "aged".   

  

Figure 2. A-PLATEN morphologies obtained: (a, b) FESEM top-view and cross-sectional image of Au NP-

decorated TiO2 nanorod arrays formed by anodizing a thin film stack identical to that shown in Figure 1; (c, d) 

The anodization was performed potentiostatically at 40 V in an EG-based electrolyte containing 2 % H2O and 

0.3 % NH4F (c) FESEM top-view and cross-sectional TEM image of Au NP-decorated TiO2 nanorod arrays 

with a ~200 nm-thick nanoporous capping layer formed by anodizing a thin film stack identical to that shown 



in Figure 1; The anodization was performed potentiostatically at 40 V in an EG-based electrolyte containing 1 

% H2O and 0.1 % NH4F; the total Au content in the thin film stacks used to prepare the samples shown in (a) 

through (d) was 4.1 % (e) FESEM top-view of nanotube arrays formed by anodizing a thin film stack 

containing a smaller amount of Au in the Au-doped Ti layers.  The total Au content in the deposited film was 

1.4 %; (f) HRTEM  image of sample in (a) showing the lattice spacings of the TiO2 host and the Au NPs. 

 

Figure 3. (a) Raman spectra of A-PLATEN formed by anodizing a thin film stack at 40 V in an EG based 

electrolyte containing 2 % water.  The black, red and blue curves correspond to ammonium fluoride 

concentrations in the anodization electrolyte of 0.1 %, 0.2 % and 0.3 % respectively and the inset is a 

magnified view of the spectra region from 100 cm-1 to 200 cm-1 (b) X-ray diffractogram of A-PLATEN formed 

by anodizing a thin film stack identical to that shown in Figure 1; the inset shows a cross-sectional FESEM 

image of the sample showing the nanorod structures.  

 

            The Raman spectra of the films resulting from the anodization of the TiAu thin film stack 

following annealing are shown in Figure 3a.  The anatase Eg absorption mode that normally 

occurs at 144 cm-1 is shifted by 8 cm-1 to higher energies (see inset of Figure 3), consistent with a 

previous report for Au-doped mesoporous TiO2.
48 The higher degree of disorder in the anatase 

crystal structure that produces the 8 cm-1 positive peak shift indicates that the Au NPs do not 



merely decorate the titania nanotubes but are partially embedded within them.  Likewise, the B1g 

mode of anatase (397 cm-1)49 is blue-shifted to 402 cm-1 in the A-PLATEN.  The presence of a 

peak at 612 cm-1 in Figure 3 may be indicative of the presence of a small amount of rutile whose 

A1g mode typically occurs as a major peak at 610 cm-1.  A minor peak in Figure 3 at 836 cm-1 is 

attributed to the B2g mode of rutile.49  These observations find strong support in the X-ray 

diffractogram of the same type of sample in Figure 3b wherein several of the peaks 

corresponding to the anatase phases are slightly shifted from their regular positions, which we 

attribute to disorder and stress due to the gold doping.   

 



Figure 4. (a) XRD peak of the Au (111) in the Au-TiO2 in pre- and post-annealing states; (b) Low 

magnification TEM image showing Au NPs in the annealed A-PLATEN; (c) and (d) HRTEM lattice fringe 

images of the Au NPs in annealed and un-annealed A-PLATENs respectively. 

 It is known that anodization of Ti in EG-based electrolytes containing 1-2 % HF results 

in TiO2 nanotube arrays with a strong crystallographic texture oriented to the (004) plane of 

anatase subsequent to thermal annealing.50  The X-ray diffractogram in Figure 3b indicates this 

to be the case even for the anodization of Ti-Au thin film stacks. Applying Scherrer's equation51 

to the Au (111) XRD peaks in Figure 4a, a post-annealing average Au NP size of 8.26 nm and a 

pre-annealing average Au NP size of 13.51 nm were obtained. The TEM lattice spacing of 0.351 

nm in Figures 4c and 4d is consistent with the (110) reflection of anatase TiO2.
52 Au NPs of two 

size regimes, i.e. smaller and larger than 5 nm, are observed in the Au-TiO2 3D nanocomposites 

(Figures 4b, 4c and 4d). TEM lattice images of the larger Au nanoparticles (Figure 4c), indicate 

more than one facet, Au (111) and Au (200), in the annealed Au NPs. In contrast TEM lattice 

images of smaller Au NPs (Figure 4d) show Au (111) as the only facet. The smaller size and 

positive shift in the Bragg angle of about 0.3° in the post-annealed Au NPs (Figure 4a) imply a 

compressive stress in the post-annealed Au NPs when compared with the same before annealing. 

 



Figure 5. HRTEM image of Au-TiO2 interface illustrating the coherent heterointerface between Au (111) and 

TiO2 (004) that support the Au NPs in the TiO2 lattice. 

 

Figure 6. (a) Comparison of the optical spectra of A-PLATENs formed by anodizing a thin film stack at 40 V 

using an unoptimized recipe with anodic TiO2 nanotube array samples decorated with Au NPs using other 

methods such as wet impregnation and vacuum deposition followed by dewetting (b) A-PLATENs formed by 

using electrolyte recipes optimized to achieve sharper resonances (c) Effect of anodization voltage and post-

anodization thermal annealing on the LSPR peak of Au NP-decorated TiO2 nanorod arrays and (d) Optical 

spectra of Au NP-decorated TiO2 nanotube arrays from FDTD simulations; the black curve corresponds to Au 

NPs wedged between adjacent nanotubes with no air gaps while the red curve accounts for a finite air gap 



between the Au NPs and the nanotube wall, and the insets show the magnitude of the simulated Poynting 

vector off-resonance (left) and at resonance (right).    

 Supporting Information Figure S4 indicates that Au NPs are not present in the as-

deposited Au-Ti thin film stack.  Larger Au NPs in the anodized and annealed A-PLATENs 

show secondary fringes (observed in Figure 4c) due to various grain orientations. This is in 

contrast with the smaller Au NPs (less than 5 nm), where the grain orientations are more uniform 

with a single crystal plane. The observed variance in lattice orientations of larger Au NPs are 

likely due to their gradual displacement or rotation, which occurs as the Au NP accommodates to 

stresses in the TiO2 matrix.53 We found evidence of coherent Au-TiO2 heteroepitaxial interfaces 

for a portion of the Au NPs, as evident from quasi-matching lattices (Figure 5) of the Au (111) 

and anatase TiO2 (112)  crystal planes. The angle between crystal planes in the tetragonal 

Bravais lattice of anatase titania is given by 

  

1 2 1 2 1 2

2 2

2 2 2 2 2 2

1 1 1 2 2 2

2 2 2 2

cos

h h k k l l

a c

h k l h k l

a c a c

φ

+   
+   

   =
+ +

+ +
    (1) 

The HRTEM image in Supporting Information Figure S7 shows an angle of 51.9° between the 

Au NP's (111) and anatase TiO2's (100) crystal planes which have d-spacings of 0.237 nm and 

0.372 nm respectively in the A-PLATENs. Since the (112) plane of anatase is also at an angle of 

52° from the (100) anatase plane, the (112) and (111) crystal planes of gold and anatase 

respectively are most likely to be parallel and a planar heteroepitaxial interface is indicated. 

While coherent hetero-interfaces between gold nanoparticles and anatase nanostructures remain 

uncommon, the heteroepitaxy of Au on TiO2 has been reported in a handful of reports.53-56 



   When we began studying Au-TiO2 nanostructures formed by the anodization of TiAu thin 

film stacks, it was evident early on that these samples exhibited unusually intense LSPR bands in 

comparison to nanotube and nanorod array thin films of similar thickness that were decorated by 

Au NPs by more conventional methods such as wet impregnation, photocatalytic reduction of Au 

salts, vacuum deposition followed by thermal dewetting, etc. This comparison is made 

graphically in Figure 6a.  Subsequently, we tuned the parameters of the anodization process in 

order to maximize the quality factor of the LSPR peak.  During this process, we found that the 

water content and fluoride content in the electrolyte were key factors that enabled control of the 

full-width at half maximum (FWHM) of the LSPR peak (Figure 6b) while the anodization 

potential did not exercise a significant influence on the peak width (Figure 6c).  The sharpest 

resonances were achieved using EG-based electrolytes containing 1 % H2O and 0.3 wt % NH4F,  

and 2 % H2O and 0.2 wt % NH4F. Figure 4c also shows that the induction of crystallinity 

through a high temperature anneal does affect the optical spectra significantly, red-shifting the 

peak wavelength by ~45 nm from 535 nm to 580 nm.  HRTEM imaging indicated a smaller void 

fraction in the annealed samples. Since the surface plasmon resonance of gold nanoparticles is 

extremely sensitive to the dielectric constant of the local environment, we hypothesized that in 

the as-anodized state, the Au NPs were mostly surrounded by air due to a more hollow structure 

while in the annealed state, the voids collapsed and the Au NPs were partially surrounded by, 

and in contact with, TiO2 whose dielectric constant is much larger than that of air.  FDTD 

simulations provided support for this hypothesis.  Thus in Figure 6d, we observe that a model 

with the Au NPs directly wedged betweeen adjacent TiO2 nanotubes has a more red-shifted 

LSPR band peaking at ~590 nm while a model where air gaps are present between the Au NPs 

and the TiO2 nanotubes, resulted in the more commonly observed LSPR peak at ~535 nm.  The 



inset of Figure 6d shows the magnitude of the Poynting vector which provides a measure of the 

electric field intensity in the plane of the vertically oriented nanostructures (parallel to the 

substrate).  Close to the surface plasmon resonance (plane wave simulation at 600 nm, right inset 

in Figure 6d), the gold nanoparticles have a large extinction cross-section and therefore the blue 

dots corresponding to the location of the Au nanoparticles decorating the TiO2 nanotubes 

manifest much larger dimensions in the Poynting vector magnitude plot than the actual physical 

size of the Au NPs.  On the other hand, off resonance (plane wave simulation at 660 nm, right 

inset in Figure 6d), the blue dots are not observable since the extinction cross-section bears more 

resemblance to the physical size of the Au NPs.   

 The quality factor (Q) of a resonator is given by the ratio of the resonance frequency to 

the linewidth, expressed as the full-width at half maximum (FWHM) of the corresponding peak. 

It is highly desirable for sensing, photocatalysis, non-linear optics and other applications for an 

ensemble of nanoparticles exhibiting LSPR to have a low FWHM and a high Q.  For a single 

plasmonic nanoparticle, Q is directly proportional to the local electric field enhancement (L(ω)) 

while the FWHM is inversely proportional to the plasmon lifetime. For an ensemble of 

nanoparticles, the Q represents the lower threshold of L(ω) achievable in the structure.  



 

Figure 7. (a) Experimental setup used to obtain the two-photon luminescence spectra (b) Two-photon 

luminescence spectra obtained from A-PLATENs (c) Two-photon fluorescence images obtained in a confocal 

microscope using 800 nm laser excitation contrasting the enhancement obtained with A-PLATENs with 

regular anodic titania nanotubes as well as anodic TiO2 nanotubes decorated with Au NPs using conventional 

techniques, under identical excitation and imaging conditions (d) The two-photon luminescence intensity 

plotted as a function of the fluence of the exciting laser for TiAu film stacks anodized at 40 V. 

 The measurement setup for two-photon fluorescence studies of the A-PLATENs and the 

resulting data obtained are shown in Figure 7. Undecorated anodically synthesized TiO2 

nanotubes exhibit a peak at ~ 400 nm (orange curve in Figure 7b, which we attribute to second 

harmonic generation (SHG) in the high surface area porous architecture. The SHG signal at ~400 



nm of bare TiO2 is not enhanced any more than expected from estimates of the overall surface 

area.  Essentially, there is no local field enhancement effect for the SHG signal because the SHG 

peak is significantly distant in energetic terms from the LSPR. The photoluminescence quantum 

yield (ΦPL) in smooth Au films is ~10-10 due to multiple non-radiative transitions and increases to 

10-5 in 2-25 nm spherical Au NPs on account of the plasmonic enhancement of radiative 

transitions.57 The PL in smooth and roughened thin films of Au has been reported to have 

emission peaks in two bands: 410-430 nm and 530-570 nm, which are commonly attributed to 

direct radiative recombination of sp-band electrons at the Fermi level with holes in the d band.58  

However, the PL in spherical Au NP suspensions was attributed to the radiative decay of particle 

plasmons emitted by d-band holes combining non-radiatively with sp band electrons.57 For all 

the samples in this study, we observe two-photon luminescence peaks in the range 415-430 nm 

and 530-560 nm in addition to the SHG signal at 400 nm, consistent with prior reports but also 

observe a minor peak at 505 nm, whose origin is unclear to us (Supporting Information Figure 

S5). We also observe a shoulder at 350 nm for the A-PLATENs while the same feature is absent 

in the PL spectra of the TiO2 nanotube arrays decorated by Au NPs using the wet 

impregnation+pyrolysis (i.e. themal) method and by using vacuum deposition followed by 

thermal dewetting. The most intense PL is exhibited by the as-anodized TiAu thin film stacks 

(un-annealed A-PLATENs) whose emission intensities are greater by a factor of 2.5-3.5 than the 

emission intensities of anodic TiO2 nanotubes decorated by Au NPs using more conventional 

techniques. Annealing reduces the PL intensity of the A-PLATENs and also red-shifts the two 

major emission peaks from 415 nm to 430 nm and 535 nm to 560 nm respectively. While the 

intensities of the multi-photon luminescence for smooth and roughened gold films are reported to 

increase monotonically with increasing emission wavelength (decreasing energy),58 the two-



photon luminescence spectra of the gold nanoparticle decorated nanostructured TiO2 samples in 

this study decrease significantly at longer wavelengths.  This coupled with the previously 

mentioned observations of a similar red-shift upon annealing in both the optical spectra and the 

luminescence spectra are strongly suggestive of the participation of particle plasmons in the 

emission process, as opposed to the purely radiative recombination of d-band holes with sp-band 

electrons.57  However, systematic studies of the luminescence quantum yield as a function of the 

particle size are needed to confirm this suggestion, which are outside the scope of the present 

work.   

 The dependence of the integrated luminescence signal following 800 nm laser excitation 

was measured as a function of laser fluence, and a quadratic dependence was found within the 

limits of experimental error, which implies the initiation of the excitation by two-photon 

absorption.  However the high-energy cut-off in the two-photon luminescence spectra does not 

occur close to 400 nm as would be expected from a process dominated purely by two-photon 

absroption but instead occurs at ~300 nm, limited in this case by the near-zero transmission of 

the laser optic below 300 nm.  The combination of the emission dependence on the square of the 

excitation intensity coupled with a cut-off energy approaching that of three photons suggest to us 

that a portion of the excited states rapidly populated (fs) by two-photon absorption absorb a third 

photon during the reminder of the pulse duration.  We therefore expect two sequential processes 

- two photon absorption followed by single photon absorption by the excited state.   

 

3. CONCLUSION  

We present a novel synthetic methodology to generate high surface area 3D plasmonic 

nanocomposites containing gold nanoparticles partially embedded in the walls of vertically 



oriented TiO2 nanorod, nanotube and nanopore arrays.  The methodology consists of vacuum 

depositing a thin film stack consisting of alternating layers of Ti and high atom fraction Ti-Au 

thin films, and then anodizing the stack. The resulting 3D nanocomposite exhibits very 

prominent localized surface plasmon resonances with ensemble linewidths as small as 0.33 eV 

and Q-factors as high as 6.9, and also achieves a strongly enhanced two-photon photuminescence 

in comparison to more typical plasmonic nanostructures consisting of TiO2 nanorod or nanotube 

arrays decorated with gold nanoparticles prepared through conventional vacuum- and solution-

based synthetic routes.  Coherent hetero-interfaces between the (112) planes of the anatase phase 

of TiO2 and the (111) planes of the partially embedded gold nanoparticles were observed coupled 

with a more red-shifted plasmon resonance due to the higher permittivity of the TiO2 host matrix. 

High surface area metal oxide-noble metal 3D nanocomposites reported here constitute a new 

platform to exploit plasmonic phenomena in optical and SERS sensors, in substrates for MALDI-

TOF mass spectrometry and in light harvesting devices such as solar cells and photocatalysts. 
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