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ABSTRACT

We demonstrate highly efficient avalanche multiphoton luminescence (MPL) from ordered-arrayed gold nanowires (NWs) with low time-average
excitation intensity, Iexc (5.0−9.1 kW/cm 2). The intensity of avalanche MPL, IMPL, is about 10 4 times larger than that of three-photon luminescence,
the slope D log IMPL/D log Iexc of avalanche MPL reaches as high as 18.3, and the corresponding polarization dependence of IMPL has a form of
cos 50 Op. The emission dynamics of avalanche MPL and three-photon luminescence are also studied comparatively. These observations indicate
that the highly efficient avalanche MPL is attributed to the giant enhancement and coupling of longitudinal surface plasmon resonance of
ordered-arrayed gold NWs.

Surface plasmon resonance (SPR) of noble metal nanostruc-
tures has promising applications ranging from ultrafast
information processing and nonlinear spectroscopy to bio-
sensors and biolabeling.1-5 SPR-enhanced multiphoton ab-
sorption with ultrafast laser excitation induces unexpected
intensive photoemission from gold films6,7 and efficient
photoluminescence (PL) from gold nanoparticles and
nanorods.3,5,8-10

Visible PL from gold films and nanostructures is generally
assigned to the radiative recombination of excited electrons
in the sp-conductive band and holes in the d-band8,11-14 or
the radiation emission of surface plasmon.10,15 The PL
intensity and the nonlinear interaction involved are strongly
dependent on the nanostructure and the enhancement of local
electromagnetic field. The PL from gold nanobowties
induced by two-photon absorption is enhanced∼103 com-
pared to that of the smooth film.16 A multiphoton generation
process of noble metal particles was first observed in silver.17

Farrer et al. reported three-photon-induced PL with high
emission efficiency and partial emission polarization in gold
nanoparticles for the first time.8 Gold nanorods and nano-
wires (NWs) have two SPR absorption bands, and the peak
position of longitudinal SPR is easily adjusted by controlling
the aspect ratio. A stronger enhancement of local field18,19

and smaller plasmon damping exist in gold nanorods20 or
NWs compared to nanoparticles. Wang et al. demonstrated

in vivo imaging of single Au nanorods by two-photon PL.5

Recently, visible PL involving a four-photon interaction in
resonant optical antennas consisting of Au nanorods was also
reported.3 But the coupling of parallel nanorods (or NWs)
is seldom reported. In this study, we demonstrate unexpected
giant enhancement of visible multiphoton-induced PL (MPL)
from ordered-arrayed gold NWs with strong cross relaxation,
in which higher-order nonlinear processes and the avalanche
effect are involved.

Our ordered-arrayed Au NWs are grown by using anodic
aluminum oxide (AAO). AAO membranes are fabricated by
using a two-step anodization process. The treated aluminum
sheets are exposed to an H2SO4 acid (0.3 M) solution under
a constant voltage of 19 V in an electrochemical cell at a
temperature of about 4°C for 10 h in each step. The
aluminum oxide layer produced by the first anodization step
is removed by wet-chemical etching in a mixture of
phosphoric acid and chromic acid. Gold is deposited in the
pores of AAO membranes by alternating current electrolysis
(50 Hz, 9 V ac) in an electrolyte containing HAuCl4‚4H2O
(0.01 M) and H2SO4 acid (0.1 M) with Pt counter electrodes.
Scanning electron microscopy (SEM) is performed using an
FEG SEM Sirion 200 instrument operated at an accelerating
voltage of 10.0 kV. Transmission electron microscopy (TEM)
is performed using a JEOL2010HT instrument operated at
100 kV. The absorption spectra are recorded on a UV-vis-
NIR spectrophotometer (Varian Cary500). The excitation
source for MPL is a mode-locked Ti:sapphire picosecond
pulsed laser (Mira 900, Coherent) with a pulse width of∼3
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ps and a repetition rate of 76 MHz. The visible MPL from
Au NWs in the AAO membrane and the reference sample,
rhodamine B (RDM-B), are recorded by spectrometry
(Spectrapro 2500i, Acton) with a liquid-nitrogen-cooled CCD
(SPEC-10, Princeton). The time-resolved PL decay traces
are recorded by using a time-correlated single-photon-
counting system (PicoQuant GmbH).

Figure 1a,b shows the top-view and cross-section SEM
images of the AAO membrane. Figure 1c shows the SEM
image of ordered-arrayed Au NWs. A thin layer of Al2O3 is
dissolved by H3PO4 for the observation of NWs in the
membrane. Figure 1d shows the TEM image of Au NWs.
The aspect ratios,L/d, for Au NWs from four samples are
about 23, 30, 43, and 70, respectively. From Figure 1, one
can see that the ordered-arrayed Au NWs in the AAO
membrane have an average diameter of∼20 nm and a
separation of∼25 nm. The SP of noble metallic nanoparticles
and NWs with this small separation could be coupled, and
the coupling strength could increased by decreasing the
separation.3,21

The absorption of ordered-arrayed Au NWs is strongly
dependent on the incident angle and the polarization due to
the separation of transverse and longitudinal SPR absorption.
Figure 2a,b shows the absorption spectra of ordered-arrayed
Au NWs recorded by using an unpolarized source with
incident anglesθin ) 0° and 45°, respectively. The transverse
SPR absorption was centered at∼525 nm, with a narrow
band. The central peak of longitudinal SPR absorption is
around 1100-1200 nm, with a broad band, which is shorter
than the theoretically calculated value for a single Au NW
and may be caused by the SP coupling of arrayed NWs.21,22

Figure 2c shows the excitation polarization dependence
of the absorption of ordered-arrayed Au NWs with incident
angleθin ) 45° at 800 nm wavelength. The absorption (Rp)
of p-polarized light (φp ) 0°) is larger than the absorption
(Rs) of s-polarized light (φs ) 0°) due to the longitudinal
SPR absorption, whereφp ) 90° - φs is the angle between
the incident plane and the polarization of the incident light.
The value ofRp/Rs increases from 1.2 to 7.5 as the aspect
ratio, L/d, of the NWs increases from 23 to 70. This means
that the Au NWs with larger aspect ratios have larger

longitudinal SPR absorptions at 800 nm wavelength. The
electromagnetic field of the laser along the long axis of the
NWs, E|, is proportional to| f|(ω) cosφp|, where f|(ω) is
the corresponding field enhancement factor. So, the large
Rp caused by the longitudinal SPR absorption also represents
a large field enhance factor,f|(ω), along the long axis of the
NWs.

The MPL intensity,IMPL, of ordered-arrayed Au NWs is
greatly enhanced by the longitudinal SPR: a strong pink
MPL is observed by using a p-polarized laser (λexc ) 800
nm). The intensity of avalanche PL from Au NWs withL/d
) 70 is 104 times larger than that of three-photon PL from
Au NWs with L/d ) 23, with a low time-average excitation
intensity,Iexc ) 9.1 kW/cm2 (incident laser power, 100 mW;
focal length of the lens, 300 mm; and focused area,∼1.1×
103 µm2). The optical setup for the observation of MPL is
shown in Figure 3a. The inset of Figure 3a gives color photos
of MPL from ordered-arrayed Au NWs with an average
length of 1.4 µm (L/d ) 70) and the reference sample
RDM-B (5.7 × 10-4 M in ethanol), held in a quartz cell
with thickness 1 mm, which are excited with the same
intensity (Iexc ) 9.1 kW/cm2) and recorded under the same
conditions. It clearly shows that the avalanche PL from
ordered-arrayed Au NWs is much brighter and seems to have
a much bigger area than the emission from the reference
sample RDM-B in this case. Figure 3b exhibits the MPL
spectra of ordered-arrayed Au NWs and the reference sample
RDM-B. The center peak of MPL of ordered-arrayed Au
NWs shifts from 600 to 680 nm as the aspect ratioL/d
increases from 23 to 70.

The giant enhancement of MPL of Au NWs with larger
aspect ratio is caused by the higher-order optical nonlinear
processes and the avalanche effect. Figure 4a shows the
excitation intensity dependence of visible MPL of ordered-
arrayed Au NWs and the reference sample RDM-B. The PL
of RDM-B is induced by two-photon absorption, and the
corresponding slope,ν ) ∂ log IMPL/∂ log Iexc, is measured
to be about 2.1. Much more photons are involved in the MPL
of Au NWs. For the ordered-arrayed Au NWs with a
relatively smaller aspect ratio,L/d ) 23, the slope∂ log IMPL/
∂ log Iexc is 3.1, and the MPL is induced by three-photon

Figure 1. SEM and TEM images of Au NWs. (a) Top-view SEM image of AAO membrane. The average diameter of the arrayed holes
is about∼20 nm, with separation∼25 nm. (b) Cross-section SEM image of AAO membrane. (c) SEM image of ordered-arrayed Au NWs.
A thin layer of Al2O3 is dissolved by H3PO4 for the observation of NWs in the membrane. (d) TEM image of Au NWs with aspect ratio
70 (length∼1.4 µm and diameter∼20 nm).

724 Nano Lett., Vol. 7, No. 3, 2007



absorption. For the ordered-arrayed Au NWs with larger
aspect ratios,L/d ) 30, 43 and 70, there are two slopes in
the logIMPL-log Iexc curves: the values of the first slope are
3.9, 5.2, and 5.6, and those of the second slope increase to
as high as 14.7, 17.2, and 18.3, respectively (see Figure 4b).
We believe that the first slope (in the range 3-6) represents
the photons absorbed during the excitation processes; the
second slope (in the range 15-18) represents avalanche PL.
Both slopes increase and the threshold excitation intensity
for avalanche PL decreases as the aspect ratioL/d of Au
NWs increases, which is attributed to the increasing ava-
lanche cross-relaxation rate. Avalanche PL is not observed
in Au NWs with a smaller aspect ratio,L/d ) 23, and a

smaller value of the first slope, 3.1 (even if the excitation
intensity increases 20 times). This means that at least four
photons are involved in the avalanche PL.

The photon emission dynamics of avalanche PL is different
from that of three-photon PL, as shown in Figure 5. The
three-photon PL of Au NWs withL/d ) 23 andν ) 3.1
decays with a single-exponential function, and the lifetime
is about 0.93 ns (see Figure 5a). This is consistent with
Imura’s observation in single Au nanorods,23 but this lifetime
is quite long compared to those observed in ultrafast pump-
probe measurements of gold nanoparticles and nano-
rods.18,20,24,25This may be caused by the recombination of
excited electrons located very close to the Fermi level with
holes in the d-band.23,26The avalanche PL of ordered-arrayed
Au NWs with L/d ) 70 andν ) 18.3 decays with a two-
exponential function as

whereAf and As are the relative intensity attributed to the
fast and slow decay processes, respectively, andτf and τs

are the lifetime of the corresponding processes. The value

Figure 2. Absorption behaviors of the ordered-arrayed Au NWs.
(a) Absorption spectra of ordered-arrayed Au NWs recoded with
incident angleθin ) 0°. The absorption peak near 525 nm is
attributed to the transverse SPR mode. (b) Absorption spectra
recoded with incident angleθin ) 45°. The absorption peak near
1100-1200 nm is attributed to the longitudinal SPR mode. (c) The
polarization dependence of the transmittance of ordered-arrayed Au
NWs with incident angleθin ) 45° at 800 nm wavelength. The
inset illustrates the polarization anglesφp andφs of the excitation
laser.

Figure 3. Visible MPL from ordered-arrayed Au NWs and
reference sample RDM-B. (a) Illustration of the optical setup for
excitation and recording MPL spectra. Inset shows the photos of
MPL from ordered-arrayed Au NWs with thickness 1.4µm and
RDM-B (5.7 × 10-4 M in ethanol) held in a cell with thickness 1
mm (Iexc ) 9.1 kW/cm2). The excitation intensity and recoding
conditions for two photos are the same. LWPF, long-wavelength
pass filter; NDF, tunable neutral density filter; HWP, half-waveplate.
(b) The MPL spectra of ordered-arrayed Au NWs and reference
sample RDM-B.

IMPL(τ) ) Af e-τ/τf + As e-τ/τs (1)
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of τs increases from 27 to 700 ns, andAs/(Af + As) increases
from 0.23 to 0.93 as the excitation intensity increases from
3.7 to 5.4 kW/cm2. The lifetime of the fast decay process is
about 0.70( 0.05 ns and is independent of the excitation
intensity. The ultraslow decay of MPL is another charac-
teristic of the avalanche up-conversion,27,28 which implies
the existence of strong coupling and cross-relaxation in the
ordered-arrayed Au NWs with larger aspect ratio and larger
enhancement of longitudinal SPR, which also means that the
observed avalanche PL is not caused by stimulated radiation.

The excitation wavelength dependence of the MPL of Au
NWs is shown in Figure 6, which is related to the density
of states as well as SPR absorption. The avalanche PL of
ordered-arrayed Au NWs with larger aspect ratios of 30, 43,
and 70 significantly increases as the excitation wavelength
increases from 780 nm (1.59 eV) to 880 nm (1.41 eV), which
is mainly caused by increasing of the SPR absorption and
the corresponding increasing of the field enhancement factor.
One can see that the curves of MPL excitation (PLE) coincide
with the absorption spectra very well. But the three-photon
PL of the Au NWs with a relatively small aspect ratio of 23
decreases as the excitation wavelength increases from 780
to 880 nm, which is caused by the relatively large density
of states of Au nanomaterials near 4.9 eV (∼250 nm).9,14

The electrons are excited to this high-level region with a
large density of states by absorption of three photons with a

wavelength of 780 nm (1.59 eV), which leads to a larger
intensity of three-photon PL at the shorter wavelength (780
nm) shown in Figure 6.

The avalanche PL intensity of ordered-arrayed Au NWs
is very sensitive to the polarization of the excitation field
due to a large field enhancement factor along the long axis
of the Au NWs and a large slope,ν ) ∂ log IMPL/∂ log Iexc.
Figure 7 shows the excitation polarization dependence of
avalanche PL from ordered-arrayed Au NWs withL/d ) 70
and ν ) 18.3, which is well fitted by cos50 φp. For
comparison, the excitation polarization dependence of three-
photon PL from ordered-arrayed Au NWs withL/d ) 23
andν ) 3.1 is also shown in Figure 7; it has approximately

Figure 4. Excitation intensity dependence of visible MPL from
ordered-arrayed Au NWs. (a) Logarithm relationship between MPL
intensity,IMPL, and excitation intensity,Iexc. The solid and the open
marks are the data recorded by increasing and decreasing the
excitation intensity, respectively. The slope,ν ) ∂ log IMPL/∂ log Iexc,
reaches as high as 18.3 for avalanche PL from ordered-arrayed Au
NWs with large aspect ratioL/d ) 70. (b) The slopeν )
∂ log IMPL/∂ log Iexc versus the aspect ratio.

Figure 5. Emission decay traces of avalanche PL and three-photon
PL from ordered-arrayed Au NWs. (a) The decay traces of three-
photon PL of ordered-arrayed Au NWs (L/d ) 23 andν ) 3.1)
with excitation intensity 173 and 648 kW/cm2. The inset shows
the lifetime versus excitation intensity. (b) The decay traces of
avalanche PL of ordered-arrayed Au NWs (L/d ) 70 andν ) 18.3)
with excitation intensity 3.7, 4.1, 4.6, and 5.4 kW/cm2. (c) The
lifetime and relative intensity of the slow decay process versus
excitation intensity.
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the form of a + b cos4 φp. The excitation polarization
dependence of MPL of a coupled Au NWs array is also
dependent on the excitation intensity and incident angle, in
contrast to single Au nanorods.

The MPL of ordered-arrayed Au NWs in an AAO
membrane has much better photostability than that of the
Au nanorods prepared by electron-beam lithography or
seeded growth in micelles.5,10,29The AAO membrane, with
good mechanical and electronic isolating properties, controls
the shape and confines the excited electron of the Au NWs.
The intensity of MPL does not significantly change after
hours of measurements. The slope∂ log IMPL/∂ log Iexc,
measured by increasing and decreasing the excitation inten-
sity, has the same values within the measurement error (see
Figure 4a). Another reason for the better photostability is
the low time-average excitation intensity,∼10 kW/cm2, and
the low peak excitation intensity,∼40 MW/cm2, used in our
measurements. The optical nonlinear effects, such as non-
linear absorption and nonlinear refraction (NLR), are en-

hanced with increasing excitation intensity and SPR absorp-
tion at the excitation frequency. The NLR effect in the
ordered-arrayed Au NWs is not observed in the close-
apertureZ-scan measurements at this low excitation intensity
region, even though the SPR absorption at 800 nm is
strong,30,31 which excludes the contribution of self-focus
effect caused by positive NLR to the high-order nonlinear
MPL of Au NWs.

PL from gold in the visible region is generally assigned
to the radiative interband transition of an electron-hole
pair8,11-14 or SPR emission.10,15The former is more convinc-
ing to explain our observed visible MPL centered around
600-680 nm, since the transverse and longitudinal SPR
absorption peaks are around 525 and 1100 nm, respectively.
The observed visible PL is mainly attributed to the recom-
bination of sp-electrons near the Fermi level and the d-holes
near theX symmetry point.23 The strong MPL is attributed
to the great enhancement of incoming (excitation) and
outgoing (emission) field. During the excitation processes,
the probability ofm-fold excited electrons is proportional to
|f(ωexc)|2m (m g 2), wheref(ωexc) is the field enhancement
factor at the excitation frequency andm represents the order
of the optical nonlinear interaction. The photoemissions
induced by multiphoton absorption and multiple excitation
of surface plasmon are observed in gold films6,32 and silver
nanoparticles.33 The strong field enhancement greatly in-
creases the probability to excite the electrons to higher levels
by multiphoton absorption and multiple excitation of surface
plasmon. So, we think that the interplay of multiphoton
absorption and/or multiple excitation of surface plasmon and
coupling of longitudinal SPR lead to the unexpectedly strong
visible MPL of ordered-arrayed Au NWs with unexpectedly
large slope,∂ log IMPL/∂ log Iexc. But the details of the
nonlinear interaction, the cross-relaxation processes, and the
mechanism of avalanche PL need to be further studied. We
believe these observations have promising applications in
up-conversion, sensors, and optical information processing.
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