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The two-photon excited luminescence (TPEL) of single gold nanowires was investigated under far-field
illumination with picosecond pulses. These nanowires, having a rectangular cross-section, a precisely defined
thickness, and millimeter-scale length, were prepared by using the lithographically patterned nanowire
electrodepostion (LPNE) technique. The TPEL from these wires was investigated as a function of wire thickness.
It is found that the optical properties of the wire are dominated by the transverse surface plasmon resonance,
which enhances the two-photon absorption process and subsequent emission in the polarization direction of
the plasmon mode. Upon tuning the thickness of the wire from 74 to 25 nm, an enhancement of 3 orders of
magnitude in the TPEL was observed. The TPEL tunability is found to be consistent with the geometry-
dependent field concentration at the metal surface as predicted by the lightning rod model.

1. Introduction

The optical properties of nanostructured gold are largely
dictated by the presence of surface plasmons. With strong
resonances at optical frequencies, surface plasmons are respon-
sible for the strong absorption bands in the visible range, giving
gold nanostructures their typical vivid color. Surface plasmon
resonances also dress the surface of the gold nanostructure with
locally enhanced electric fields, which have been extensively
used for enhancing the otherwise weak optical response of
molecules tethered to the metal’s surface. These strong surface
plasmon enhanced fields render gold nanostructures excellent
substrates for surface enhanced Raman scattering (SERS).!-¢

Besides the linear optical characteristics of gold nanostruc-
tures, the nonlinear optical properties of gold nanosystems have
also attracted considerable attention. For instance, plasmon
resonances enhance the second harmonic generation (SHG) from
the metal nanostructure, which can be particularly strong in the
case of asymmetries in the nanostructure.”® Third harmonic
generation (THG) also benefits from the presence of surface
plasmon resonances, which have enabled the observation of
strong THG signals from single gold nanospheres.” While
strongly damped, '° the surface plasmon resonance facilitates the
oscillatory motion of the electrons at optical frequencies,
resulting in ample optical nonlinearities. In addition, the strong
local fields are expected to boost nonlinear optical signals in
the vicinity of the metal’s surface. Therefore, gold nanostructures
are promising substrates for surface-enhanced coherent anti-
Stokes Raman scattering (SE-CARS) studies, a nonlinear
analogue of SERS.!!!? Recent experiments have demonstrated
that the optical response at anti-Stokes frequencies of molecules
bonded to the gold surface can indeed be enhanced by the
plasmon resonances of nanospheres and nanoscopic tips.!!13

However, the use of gold nanostructures as antennas for
coherent optical nonlinearities is accompanied by an intrinsic
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photoluminescence of gold.'* When illuminated with ultrafast
radiation, two-photon absorption events in gold give rise to a
broad luminescence in the visible range.!>-!7 This process is
thought to occur through two-photon excitation of d-band
electrons to unoccupied sp states of the metal.'® Subsequent
relaxation to the Fermi level results in electron—hole pair
recombination under the emission of luminescence. While this
photoluminescence is weak for bulk gold, the presence of surface
plasmon resonances significantly enhances the two-photon
absorption process and the subsequent luminescent emission.
The strong luminescence of gold nanostructures has already
found applications in biological imaging studies.!”-!?

Understanding the nature of the two-photon excited lumi-
nescence (TPEL) is important not only for optimizing the
luminescent properties for imaging purposes, but also for finding
clues on how to suppress the luminescent background in
potential SE-CARS assays. The TPEL background in nonlinear
coherent studies of nanostructured gold is substantial, but has
not been carefully considered so far.

TPEL has been extensively studied in a variety of structures
including nanospheres,'® nanodisks,”® and nanorods.>-!7 In
particular, the relationship between the plasmon resonance and
the luminescent emission in gold nanorods was studied in detail
by using near-field optical microscopy. From the polarization
dependence of the excitation fields it was concluded that the
two-photon absorption is a sequential one-photon absorption
process, which is facilitated by the surface plasmon resonance. !¢
In addition, the luminescent emission was found to be partially
polarized in the direction of the plasmon mode, indicating that
the emission process is also plasmon-enhanced.

In this paper we explore the TPEL properties of gold
nanostructures further by systematically studying the dependence
of the two-photon excited emission on the size of a single
plasmon-active nanostructure. We have chosen gold nanowires
as our model system because their dimensions can be carefully
controlled through the lithographically patterned nanowire
electrodeposition (LPNE) technique.?! The LPNE method
produces rectangular nanowires with a precisely defined, na-
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nometer-scale thickness and width and a longitudinal axis of
millimeters to centimeters. Nanowire geometries have previously
been shown to be good SERS substrates.?> Unlike for the gold
nanorods previously studied with near-field microscopy tech-
niques,'>!® the macroscopic dimension of the long axis of
nanowires allows for a direct assessment of plasmon orientation
with use of far-field microscopy. Consequently, nanowires
enable an accurate correlation of the orientation of the plasmon
mode with the polarization dependence of the nonlinear signal
in a standard far-field microscope. Furthermore, the nanowires
can be studied individually in the absence of internanostructure
coupling. While the linear optical properties of gold nanowires
prepared with the nanoskyving technique were recently re-
ported,?? the nonlinear optical properties of nanowire systems
have not yet been explored. The goal of this paper is to correlate
linear spectroscopy results with the nonlinear optical properties
of individual gold nanowires, with a particular emphasis on the
magnitude of the optical enhancement as a function of aspect
ratio.

Our results indicate that the two-photon absorption process
in gold LPNE nanowires is different from that previously
observed in gold nanorods. In addition, a strong dependence of
the TPEL intensity on the aspect ratio of the wire is found,
which is attributed to geometry-dependent local field enhance-
ment of the surface plasmon resonance.

2. Experimental Section

Nanowire Fabrication. The LPNE procedure employed for
nanowire fabrication has been previously reported.?! Briefly, it
involved the following seven steps:?! A glass substrate is cleaned
by soaking it in concentrated sulfuric acid and aqueous
Nochromix solution overnight. A thin nickel (ESPI 99.999%)
film was deposited onto the glass by physical vapor deposition
at a rate of 1 A/s (step 1). Photoresist (Shipley 1808) of 800
nm total thickness was then spin-coated onto the nickel film
(step 2). This photoresist was then exposed through a quartz
contact mask to 365 nm light for 1.5 min producing a total dose
of 0.5 mW/cm?. The photopatterned sample was subsequently
developed in a developer solution (MF 319) for 30 s, rinsed
with pure water, and dried in a stream of ultrahigh-purity N,
(step 3). Then the exposed nickel film was chemically etched
in 0.8 M nitric acid until a horizontal trench of width ~500 nm
was produced along the perimeter of the photoresist. The total
etching time required for the formation of this trench was ~5
min for etching a nickel film of thickness 40 nm (step 4). This
trench functions as a template for the formation of a nanowire
by electrodepostion in the next step. To effect the electrodepo-
sition of a gold nanowire, the photopatterned and etched surface
was immersed in a gold plating solution (6 mM, Clean Earth
Inc.) in a three-electrode electrochemical cell. Gold was
electrodeposited potentiostatically with use of a computer-
controlled potentiostat (Gamry Series G 300) at —0.90 V vs
SCE (step 5). Finally, the photoresist was removed by rinsing
with acetone (step 6) and the nickel sacrificial layer was
dissolved by exposure to dilute (0.7 M) nitric acid for ~15 min
(step 7). This LPNE process produced nanowires with a
rectangular cross-section characterized by a precisely known
(RSD < 5%) thickness (b-axis) and a width (a-axis) that was
known to a precision of 15—20%. The length of these nanowires
exceeded 1 mm and these systems are, therefore, quasi-infinite
on the nanometer scale. In this study, we have considered three
wires of similar width but with different thicknesses: wire A
(a = 186 nm, b = 25 nm), wire B (¢ = 206 nm, b = 48 nm),
and wire C (a = 189, b = 74 nm).
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Nanowire Characterization. Nanowire thickness and widths
were measured with an atomic force microscope (Autoprobe
CP, Park Scientific Instruments) operating in noncontact AFM
mode. The tips used were V-shaped silicon cantilever (Mikro-
Masch Ultrasharp, NC). Figure 1 provides a topographic view
of a gold nanowire on glass used for this investigation. The
figure clearly shows the rectangular cross-sectional shape of the
nanowire, which is continuous along the longitudinal axis of
the wire. To ensure the uniformity of the nanowire thickness
along its entire length, the AFM profile of each wire was
sampled at random along their axes. In addition, cross-sectional
profiles of different wires were measured and compared. The
statistical variation in the thickness and width of the wires is
given in Table 1. Surface roughness of the samples was
measured as well, and was determined to be ~4 nm for the
background, and ~2 nm for the top of the nanowire.

Laser Scanning Microscopy. Gold nanowire samples are
investigated with an inverted laser-scanning microscope (Fluo-
view 300, Olympus) interfaced with an ultrafast picosecond laser
system. The laser light source consists of a mode-locked Nd:
Vanadate laser (High-Q Laser, Hohenems, Austria), producing
1064 nm, 10 ps pulses at 76 MHz and with an average power
of 10 W, which is used to pump an intracavity doubled optical
parametric oscillator (OPO Levante, APE, Berlin, Germany).
The OPO delivers ~7 ps pulses that are spectrally tunable in
the 770—930 nm range. The radiation of the OPO is combined
with part of the 1064 nm radiation on a dichroic mirror and
directed to the laser scanning microscope. The tunable radiation
from the OPO, here designated as “pump”, is the primary source
for multiphoton excited photoluminescence in our experiments.

A 695 nm long pass filter was used to cut off any remaining
superfluorescence from the light beam before entering the scan
head of the microscope. Incident radiation was focused with a
high numerical objective onto the sample. A set of objective
lenses consisting of 0.65 NA (40x), 0.75 NA (20x), and 1.15W
NA (40 x) was employed in the experiments. Excitation powers
at the sample varied from 0.1 to 1.5 mW. Nonlinear signals
were collected in the epi-direction and separated from the
excitation light with a 760 nm long pass dichroic mirror
(Chroma). Signals are detected by either a red-sensitive pho-
tomultiplier (R3896 Hamamatsu) through the side port of the
microscope or by a grating spectrometer (SpectraPro-150, Acton
Research, MA) equipped with a CCD camera (Spec-10, Prin-
ceton Instruments, NJ). The emission spectra were spatially
averaged by rapidly scanning the focal spot longitudinally over
a ~10 um portion of the wire. Two 650 nm, 40 nm bandwidth
bandpass filters (Chroma) were inserted in front of the epi-
photomultiplier. Transmission images were obtained simulta-
neously with the nonlinear contrast images by raster-scanning
the focused OPO beam across the sample and detecting the
transmitted light with a photomultiplier in the forward direction.

White Light Scattering. Scattering spectra of single nanow-
ires were collected by sending the light of a white light source
(HL-2000, Ocean Optics), spatially filtered through a 25 um
pinhole, into the scan head of the microscope. The collimated
white light is focused by a 1.15 W NA objective lens onto the
nanowire. Scattered light is captured in the epi-direction,
separated from the incident light with a 50/50 beamsplitter, and
directed onto the grating spectrometer. Similar to the lumines-
cence spectra, scattering spectra were spatially averaged over
~10 um segments of the wire by rapidly scanning the focal
spot along the longitudinal dimension of the wire.
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Figure 1. (A) Scanning electron micrograph (SEM) of a gold nanowire array with 10 um interwire pitch deposited by using the LPNE method.
(B) Atomic force microscopy (AFM) topograph of a single gold nanowire with a three-dimensional rendering showing wire dimensions. (C) Cross-
sections of three gold nanowires investigated in this study showing wire width and height dimensions.

TABLE 1: Statistical Data of Thickness and Width for the
Three Different Samples

wire thickness (nm) width (nm) aspect ratio
A 254+1 186 + 15 7.35
B 478 £3 206 + 23 4.28
C 73.8+3 189 + 17 2.56

3. Linear Response

We have studied the linear scattering properties of single
nanowires to gain insight in the spectral location of the
nanostructure’s transverse surface plasmons. To mimic the
nonlinear excitation conditions in terms of the angle of inci-
dence of the incoming light, we use the same high numerical
objective for the light-scattering experiments. Figure 2a shows
a schematic diagram of the focused incident beam geometry.
The incoming light is linearly polarized and collimated, resulting
in an illumination spot at the nanowire of only a few
micrometers in diameter. When the incoming light is polarized
along x, the majority of the focal field components are
x-polarized. However, a small portion of the focal intensity
distribution, about 1% relative to the x-polarized intensity, is
polarized in the z-direction.?* In principle, when the a-axis of
the nanowire is aligned with the incoming x-polarization, both
transverse surface plasmon modes oriented along the a and b
direction are excited, albeit with significantly different excitation
efficiencies. In our excitation and collection geometry, the
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Figure 2. (A) Excitation geometry for x-polarized incident beam
illumination of nanowires. Panels B, C, and D show the white light
scattering spectra of wire A (r = a/b = 7.35), wire B (r = 4.28) and
wire C (r = 2.56) gold nanowires, respectively. TM denotes the situation
when the incident beam is perpendicularly polarized to the longitudinal
axis of the wire and TE when it is parallel. Signal integration time was
50 s.

scattering spectra are dominated by the transverse surface
plasmon resonance along the a-axis of the nanowire.
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Figure 3. (A) Power dependence of TPEL for wires A and B. Solid
lines are fits to the data. (B) Power dependence of the TPEL emission
spectrum of wire A. X and L mark the spectral location of the
corresponding symmetry points of the first Brillioun zone of Au.

The white light scattering spectrum from a single wire of
type A is shown in Figure 2b. When the incident light is
polarized parallel to the a-axis of the wire, a broad scattering
spectrum is observed that peaks around 740 nm. Such broad
scattering spectra have been observed before in gold and silver
nanowires and may reflect strong plasmon damping in the
nanowires combined with spatially varying plasmon absorption
along the wire,?325-26

Upon increasing the thickness of the wire, the scattering
spectrum shows an effective blue shift, as shown in parts ¢ and
d of Figure 2. A similar spectral dependence has been reported
for silver nanowires,> which is consistent with the general trend
of shorter plasmon resonance wavelengths for smaller aspect
ratios of the nanostructure.

The spectral signatures are significantly less prominent when
the incident light is polarized along the longitudinal direction
of the wire. Because the longitudinal mode is not a localized
plasmon mode, no significant surface plasmon related absorption
in the visible range is expected.

4. Two-Photon Excited Luminescence Spectrum of
Individual Wires

Excitation of the nanowires with ultrafast pulses in the
780—820 nm range produces a broad luminescence spectrum.
For all wires examined, the emission intensity scales to the
second order with the power of the incident light (Figure 3a),
indicating that the emission is the result of a two-photon
excitation process. The single wire spectral profile is independent
of the fluence used in our experiments, as shown in Figure 3b.

The spectral dip at 675 nm is reproducible and is independent
of our instrument’s spectral sensitivity. Shallow spectral bumps
can be recognized at 660 and 590 nm, which are reminiscent
of emission resulting from electron—hole radiative recombina-
tion at the X and L symmetry points, as previously observed in
gold crystalline nanorods.'® The gold nanowires studied here
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Figure 4. Overlap plots of TPEL and SPR scattering spectra for (A)
wire A and (B) wire B. T corresponds to TPEL; S labels the white
light scattering spectrum.

are polycrystalline, and the lack of structure in the observed
emission spectrum is attributed to the loss of a well-defined
lattice symmetry in the gold wire.

The emission spectrum is shaped not only by the radiative
states of the gold but also by the surface plasmon-assisted field
enhancement. Figure 4 compares the scattering spectrum with
the emission spectrum of wire A (panel a) and wire B (panel
b). The emission spectrum of wire A is red-shifted relative to
that of the photoluminescence spectrum of wire B. The shift in
the emission correlates well with the spectral location of the
surface plasmon as measured with the scattering spectrum. The
transverse surface plasmons of the nanowire thus selectively
enhance part of the gold luminescence spectrum.

5. Size Dependence

Figure 5 shows TPEL images of single gold nanowires with
different aspect ratios. All wires studied exhibited clear two-
photon excited luminescence. Within a single wire, variations
in the luminescence intensity at different positions along the
wire are seen. We attribute these variations to local irregularities
of the wire. In the following, to reliably compare the TPEL
response as a function of wire dimension, we have taken the
average signal of wire segments, each at least 25 um long.

At an excitation wavelength of 780 nm, strong TPEL signal
is observed from wire A (b = 25 nm). As the thickness of the
wire is increased from 25 to 75 nm, the TPEL response
decreases by almost 3 orders of magnitude. Upon tuning the
excitation wavelength 817 nm, a clear decrease of the TPEL
intensity is seen. For the wires studied here, such a decrease is
expected as scattering spectra predict a more efficient driving
of the transverse surface plasmon at the shorter excitation
wavelength.
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Figure 5. TPEL images of (A) wire A, (B) wire B, and (C) wire C excited by 780 and 817 nm, respectively. For all measurements 1 mW of power
is used. The incident beam is polarized along the short axis of the wire. The scale bar corresponds to 5 um.

A simple model based on the lightning rod effect can be used
to qualitatively understand the TPEL dependence on the aspect
ratio of the nanowire. The TPEL intensity can be approximated
by:18,27

Lrpp = [L(w)) [ L(wp)]? (D

where L(wp) and L(wpy) are the local field correction factor for
the incident pump field and the emitted fields, respectively. In
the lightning rod model, the local field correction factor is
factored into a material dependent surface plasmon correction
factor Lgp(w) and a lightning rod factor Li g, which depends on
the aspect ratio (a,b) of the nanostructure alone:?8-30

L(w) = Ly(w)L; » (2)

The lightning rod factor describes the concentration of the field
as function of geometry, and plays an important role in
determining the magnitude of the optical enhancement. Analyti-
cal expressions for the local field correction factor can be
obtained if the nanostructure is modeled as an elliptical spheroid.
Such an approximation is reasonable for the case of nanorods,
but is less appropriate for modeling rectangular nanowires.
Nonetheless, the physics of the concentration of local fields,
due to compression along one of the axes of the nanostructures,
is effectively captured by the changing aspect ratio of the
elliptical spheroid. Therefore, we will employ the elliptical
model to gain insight into the enhancement of the wire as a
function of thickness. Within this assumption, the local field
correction factors are written as:!8

1 A7’V !
L(w)= [em(a)) —1+ Z{ 1+i NE a- em(w))}]

L=1/A 3)

where o is the photon frequency, em(w) is the complex dielectric
functions of the metal, V is the volume of the nanostructure
that is illuminated, and A is the wavelength of the incident light.
With the laser light polarized along the a-axis of the wire, the

depolarization factor A is given as:*

4oat ds
2 0 (s+a)? - (s+b)

Indeed, we find qualitative agreement between our data and the
trend predicted by the lightning rod correction factor through
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Figure 6. (A) Relative TPEL intensity calculated based on the lightning
rod model. The calculation is performed as a function of nanowire
height, for two fixed widths (185 and 205 nm) and 780 nm excitation.
Marked points indicate heights for the three nanowires studied here.
(B) Relative TPEL intensities for two different wavelengths of excitation
beams. Wires are indicated by their height (in nm).

eqs 1-4. Figure 6a shows the results of the calculated relative
TPEL as a function of the thickness of the wire within this
simple model. For a fixed width of a, maximum TPEL signals
are predicted for nanowires of thickness ~30 nm. The calcula-
tion indicates that when the thickness of the wire is increased
by a factor of 2, the TPEL signal decreases by 3 orders of
magnitude. The predicted relative enhancement is corroborated
by the experimental results as summarized in Figure 6b. The
decreasing TPEL signal with wire thickness is correctly
reproduced, as well as the spectral dependence of the plasmon
local field enhancement.

Strongest TPEL signals are thus observed when the laser
excitation maximally overlaps with the surface plasmon reso-
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nance frequency and when the aspect ratio of the wire is close
to a/b ~ 6.5, which ensures maximum concentration of the local
fields. The lithographic patterning of the nanowires allowed for
maximum flexibility in adjusting the wire’s dimensions for
optimizing the optical enhancement.

6. Polarization Dependence

The unique geometry of the LPNE nanowires allows us to
clearly identify the orientation of the active plasmon mode.
When the excitation light is polarized along the transverse
surface plasmon mode in the x-direction, a strong TPEL
response is observed. In contrast, when the excitation light is
orthogonally polarized to the surface plasmon, the TPEL signal
decreases by several orders of magnitude. The TPEL signal as
a function of the angle 6 between the longitudinal axis of the
wire and the polarization of the excitation light is shown in
Figure 7a. A clear sin* 6 dependence is seen, which corroborates
the previously observed excitation polarization dependence of
dumbbell shaped nanorods.!” This is in contrast, however, with
results obtained from crystalline gold nanorods, where a sin® 6
dependence was found that provided evidence for a sequential
incoherent two-photon absorption process.'® The TPEL polar-
ization dependence of gold nanowires is similar to the SHG
polarization dependence previously observed in nanorods. ' This
finding suggests that a two-step absorption process is not
essential to explain the TPEL in nanowires. Indeed, similar to
the instantaneous coherent interaction of two photons in SHG,
the two-photon absorption process observed in gold nanowires
most probably involves the instantaneous absorption of two
photons.
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Unlike the clear excitation polarization dependence, the
emission is only partially polarized. This indicates that not all
the emission contributions are resonantly coupled to the surface
plasmon mode for maximum enhancement. Nonetheless, polar-
ized components align well with the direction of the transverse
plasmon mode, which hints at a possible role of the surface
plasmon in emission enhancement. Such plasmon-enhanced
emission is in agreement with the plasmon-induced shifts in
the luminescence spectra as discussed in Figure 4.

7. Conclusion

In this work, we have demonstrated strong TPEL of rectan-
gular gold nanowires. The well-defined geometry of the
lithographically patterned nanowire allowed us to study the
magnitude of the TPEL emission as a function of wire thickness.
The TPEL intensity was found to be tunable over 3 orders of
magnitude by varying the wire thickness in a controlled fashion
from 25 to 74 nm. Such controlled tunability permitted a careful
optimization of the local field enhancement. Because of the
semi-infinite longitudinal axis of the LPNE gold nanowire, we
were able to use far-field microscopy to study the polarization
dependence of the field enhancement. From these measurements,
we determined that the two-photon absorption in gold nanowires
is probably an instantaneous process rather than a sequential
incoherent absorption of two photons.

In designing assays for SE-CARS based on gold nanostruc-
tures, the strong TPEL background imposes a challenge. Future
SE-CARS applications will not only have to focus on optimiza-
tion of local field enhancement, but will also need to incorporate
a careful management of these luminescent contributions.
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