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Origin of the Avalanche-Like 
Photoluminescence from Metallic 
Nanowires
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Jun-Bo Han1 & Liang Li1

Surface plasmonic systems provide extremely efficient ways to modulate light-matter interaction in 
photon emission, light harvesting, energy conversion and transferring, etc. Various surface plasmon 
enhanced luminescent behaviors have been observed and investigated in these systems. But the origin 
of an avalanche-like photoluminescence, which was firstly reported in 2007 from Au and subsequently 
from Ag nanowire arrays/monomers, is still not clear. Here we show, based on systematic investigations 
including the excitation power/time related photoluminescent measurements as well as calculations, 
that this avalanche-like photoluminescence is in fact a result of surface plasmon assisted thermal 
radiation. Nearly all of the related observations could be perfectly interpreted with this concept. Our 
finding is crucial for understanding the surface plasmon mediated thermal and photoemission behaviors 
in plasmonic structures, which is of great importance in designing functional plasmonic devices.

Surface plasmonic systems have been extensively studied for decades due to their significant roles in revealing 
underlying mechanisms about light-matter interactions on nanoscale1–4, and extensive applications in areas such 
like subwavelength imaging5, photothermal therapy6–8, ultrasensitive biosensing9, data storage10, solar cells3, and 
photodetectors11, etc.

The excitation of surface plasmon resonances (SPR) gives metallic nanostructures excellent optical properties 
compared to bulky ones, such as surface plasmon resonance enhanced photoluminescence, local field enhanced 
second- and third-order optical nonlinearities, and surface plasmon enhanced light harvesting and biosensing,  
et al. On the one hand, SPR excitation enhances both the incoming and outgoing electromagnetic fields12,13. On 
the other hand, the strong localized fields greatly enhance the light absorption, especially multiphoton absorption, 
of incident light. Therefore, SPR enhanced multiphoton luminescence (MPL) from surface plasmonic systems has 
attracted much attention12,14–18. Generally, the MPL spectral intensity IMPL is a power function of the excitation 
power density (PEPD), the slope of the dependent curve in a logarithmic coordinate (∂logIMPL /  ∂logPEPD) should 
be integers because of the quantum nature of light.

Most of the reported MPL in plasmonic systems involve slope values no more than four. However, an 
avalanche-like photoluminescence (APL) with slopes as large as 18.3 was observed in 2007 in coupled Au nanow-
ires (NWs)19, and subsequently in Ag NW arrays20, Ag NW monomers21, and Au nanorod-nanoparticle hybrids22, 
respectively. In these works, measurements and calculations showed a typical bi-segmental EPD dependence 
of the APL intensity (IAPL). A dependence of IAPL on excitation polarization, which was correlated to the field 
enhancement factor, was also observed. Besides, an ultraslow decay rate of the APL intensity obtained from 
lifetime measurements was quite different from other reported MPL observations14,23. The authors attributed the 
APL to strong longitudinal SPR coupling and cross-relaxation between nearby NWs, or radiative recombination 
of holes and electrons that were excited to high levels by multiphoton absorption and/or multiphoton excitations 
of surface plasmons. But the intrinsic mechanism is still not clear and the real origin of this APL behavior is still 
confusing, especially when a series of research results about ultrafast SPR and hot carrier relaxation processes are 
taken into consideration1,4. In this paper, we systematically investigated the APL behavior in a Au NW array from 
a new point of view that differs from the above ones. A reasonable explanation was proposed, expecting to put an 
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end to this controversy about the origin of APL in metallic NWs. We will show that our explanation could lead to 
a better insight into the light-matter interaction on the nanoscale.

Results and Discussion
We fabricated an Au NW array in a porous anodic aluminum oxide (AAO) template by electrochemical deposition 
method24. The NWs are aligned perpendicularly to the template surfaces and parallel to each other (see Figure S1 
in supporting information). Figure 1a shows the scanning electron microscopy (SEM) image of the dispersive NW 
monomers released from the template. An average length about 963 nm is extracted from the length distribution 
analysis (inset). Figure 1b is the top view SEM image of the AAO template, indicating an average hole diameter of 
~20 nm and center-to-center distance between adjacent holes of ~45 nm, respectively. The diameter of each NW 
is limited by the hole size where it was deposited in, however, the coating layer, which is inferred from energy 
dispersive X-ray spectroscopy (EDS) analysis (see Figure S1) to be mainly composed by Na2CO3, makes the NWs 
to look thicker and straight in the SEM images.

Typical APL spectra were obtained by exciting the sample with a polarized continuous wave (CW) laser beam 
at constant EPD. The APL signal was collected on the contrary side of the sample to minimize the noise from laser 
(see Fig. 2a and Figure S2 for more information about the experimental setup). Notch filters were utilized to block 
the scattered laser, which results in a great suppression of photocounts around excitation laser wavelength in the 
spectra. Wide-band continuum luminescent spectra taken under 779 nm, 800 nm, and 830 nm laser excitation 
show no distinct difference, as shown in left panel of Fig. 2b. This is because the radiation ability of each NW as a 
nanoantenna is proportional to the surface plasmon density of states (SP-DOS)25, which is an intrinsic quantity 
of the sample and just depends on the structural parameters26,27. The full width of half maximum (FWHM) of the 
spectrum is very large, for which at least three reasons should be considered: (1) the nonuniformity of NW lengths, 
(2) broadening effect of plasmon dephasing1, and (3) Plasmon hybridization from inter-rod coupling effect28,29. But 
the observation of APL in Ag NW monomers demonstrates that coupling between NWs is not the crucial reason 
for APL generation21, so the array should be treated as an anisotropic collection of NW monomers here. As for 
the profile of the luminescent spectra, their resemblance to SPR extinction spectra has been widely reported in 
some noble metal nanostructures15,30–32. However, this resemblance is broken in our case since an asymmetrical 
APL spectrum profile and a nearly symmetrical one of longitudinal SPR extinction band were both observed in 

Figure 1. Sample characterization and structure schematic illustration. (a) SEM image of the Au NW 
monomers with the length distribution shown in the inset. The average length of the NWs is 963 nm. (b) Top 
view of the AAO template. Randomly distributed holes with average diameter and center-to-center distance of 
20 nm and 45 nm, respectively, are clearly seen. Inset: schematic diagram of the sample.
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the same nanostructure. The extinction spectrum, measured at a 45 degree incident angle and p− polarization, is 
shown in right panel of Fig. 2b for comparison, from which two SPR extinction bands locating at around 1.47 eV 
(longitudinal) and 2.37 eV (transverse) are clearly seen. Besides, no APL peak in the spectra corresponding to the 
transverse SPR extinction band was observed.

The APL signal exhibit similar excitation polarization dependence (see Figure S3) to those reported in Ref. 20, 
21. Thus, to efficiently excite the longitudinal SPR mode of the array, we fixed the excitation polarization inside 
the incident plane (p− polarization) and the wavelength λexc around 800 nm.

The EPD dependent APL was investigated and the results are presented in Fig. 3. The APL intensity was inte-
grated over the “APL region” (i.e. spectral region outside the hollow) and plotted as a function of EPD in Fig. 3a. 
With the coordinate set into logarithm form, a typical bi-segmental APL curve is clearly seen. The APL threshold 
EPD (EPDth) locates at around 20.2 kW/cm2. Open squares and circles are data obtained from EPD rising and 
falling processes, respectively, which coincide well with each other in a wide EPD variation range. The solid lines 
in blue and red are fitting curves according to function Y =  axb, where b is the slope (b =  ∂logIMPL /  ∂logPEPD) and 
the values of it below and above the threshold are fitted to be b1 =  0.17 ±  0.02 and b2 =  10.87 ±  1.74, respectively. 
These values, including the previously reported ones of APL, distribute randomly in a wide range rather than locate 
near integers. This suggests the APL may not be a strict MPL behavior. Inset of Fig. 3a is a fine structure of the EPD 
dependence of APL intensity near EPDth. It is clear that the EPDth value in the rising EPD sweeping curve is higher 
than that in the falling one.

Moreover, instead of being unchanged, the slope b2 was found to vary with the emitted photon energy, as shown 
in Fig. 3b. The variation trend of it resembles the APL spectra profile. The deviation at higher energy side of the peak 
may be caused by a blueshift of the APL peak, as will be discussed later. These slope values are much larger than 
most of the reported ones in plasmonic systems, and their distribution also seems to be random. It further excludes 

Figure 2. APL excitation configuration and APL/extinction spectra. (a) Light path configuration for sample 
excitation and APL signal collection. The focused Gaussian laser beam was p− polarized. (b) Left panel: APL 
spectra excited by laser of three different wavelengths. Hollows in the spectra are caused by notch filters. Right 
panel: Extinction spectra of the sample. Transverse and longitudinal SPR bands locate at 2.37 eV and 1.47 eV, 
respectively.

Figure 3. EPD dependence of integrated APL intensity/spectra and slope variation versus photon energy. 
(a) The EPD dependence of integrated APL intensity (IIAPL) appears as a typical bi-segmental curve in logarithm 
coordinate. EPDth locates at around 20.2 kW/cm2 and the two slopes are fitted to be b1 =  0.17 ±  0.02 and 
b2 =  10.87 ±  1.74, respectively. The inset shows a fine structure of the data curve around EPDth. (b) PL spectra 
taken below (blue) and above (red) EPDth, respectively. Open circles with error bars represent the fitted slope 
(b2) values versus photon energy.
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the possibility that the APL behavior originates from MPL. Besides, the photoluminescence spectra below (blue) 
and above (red) EPDth differ a lot, suggesting a possible transformation of the luminescent mechanism at EPDth.

The lifetime of APL was measured by using a time correlated single photon counting (TCSPC) system with 
the sample excited by a pulsed laser (130 fs, 76 MHz). Before that, a comparison of the APL spectra excited by CW 
and pulsed laser beams at the same mean EPD was made, and no significant difference was found (Fig. 4a). In the 
following measurements, an extremely long lifetime of APL signal (far beyond measurable for our TCSPC system) 
was obtained at both sides (numbered 1 and 2) of the excitation laser wavelength (817 nm). The decay curve of the 
scattered laser (numbered 3), which is limited by the system response, is presented as reference (see Fig. 4b). The 
above facts demonstrate that, the long lifetime APL should not come from direct radiative damping of excited SPR 
which usually happens within 100 fs after excitation1,4,23,32–38. Although the generated hot carriers may transfer 
their energy to radiative photons via plasmon restimulation32, this process is still limited by the ultrashort hot 
carrier relaxation time which is on a scale of several picoseconds, far below expectation from our experimental 
results. Therefore, some energy-saving mechanism must be responsible for APL so that this ultra-slow behavior 
is only related to the mean EPD.

To find more clues, the dynamical properties of the APL behavior on millisecond (ms) timescale were studied by 
fast blocking the laser beam for different periods of time (block-time) and monitoring the APL recovery processes 
with a spectrometer after the sample was irradiated again. The EPD value was kept constant at 30.3 kW/cm2, which 
was above the threshold. The integrated APL curves for three typical block-times are shown in Fig. 5a, where the red 
dashed lines show the time of duration of laser irradiation. The APL intensity is found to experience a “dark-time” 
before recovering to original level. As the block-time increases, the dark-time gets longer.

Since Landau damping and the following accompanying hot carrier thermalization and relaxation processes 
would transfer the energy of plasmon resonance into the metal lattice as well as the AAO template in the form of 
heat in a quite short time no more than 10 ns4, the Au lattice temperature grows due to heat accumulation until 
the energy input and output get equivalent. When the incident laser beam is blocked, the lattice temperature 
drops. A larger temperature reduction during the block-time requires a longer time to recover the temperature, 
or the PL intensity. The APL is therefore inferred as a temperature related behavior. If this is true, then thermal 
radiation seems to be a proper candidate for APL origination39, because the independence of APL on material 
(Au/Ag), degree of aggregation (monomer/array) as well as excitation wavelength is consistent with Planck’s law of 
black-body radiation which tells us that the radiation ability of a perfect black-body at certain photon energy only 
depends on its temperature. Hence, the falling rate that is much larger than the rising one of APL intensity (see 
Fig. 5a) indicates a rather large heat conduction power compared to the radiation power. And it can be inferred 
that higher heating efficiency would be achieved if the localized field intensity inside the metallic NWs is stronger 
(or field enhancement factor is larger)21,22. More measurements and calculations were carried out to check the 
reasonability of the proposed thermal radiation model for APL origination.

Temperature is one of the most important quantities that determine the black-body radiation spectrum. So we 
examined the effect of different EPDs on the APL property by comparing the dynamical variation processes of the 
integrated APL intensity (IIAPL, red) and scattering laser intensity (IIsct, blue) in Fig. 5b. The spectral regions over 
which the integrals were performed are indicated in the inset by corresponding colors. Three features of the EPD 
dependent dynamical processes can be summarized from these results as follows: (1) both IIAPL and IISCT show 
bi-segmental dynamical processes; (2) for each EPD value, IIAPL and IISCT always transit from the first segments to 
the second ones synchronously in time sequence; (3) the first segments of both intensities, or namely the dark-time 
segments, shrink at higher EPDs. We will show that these features can be primely interpreted with the temperature 
dependent thermal radiation model.

IIsct variation can be seen as a measure of the variation of energy conversion from laser to luminescence, so 
the two intensities act in an opposite manner. To better understand the plasmon induced thermal effect on APL, 

Figure 4. CW/pulsed laser excited APL spectra comparison and lifetime measurement results.  
(a) Comparison of APL spectra excited by CW and fs pulsed laser, respectively, with the mean EPD kept 
constant. (b) Lifetime measurement results of the APL signal (1 and 2) and scattered laser (3), the latter reflects 
the system response.



www.nature.com/scientificreports/

5Scientific RepoRts | 6:18857 | DOI: 10.1038/srep18857

the EPDth could be equally expressed as temperature threshold Tth at which APL occurs, even though it is hard 
to measure. When higher incident EPDs are applied, shorter time is needed for the lattice to be heated to Tth. So 
the achieving of Tth puts an end to the dark-time and starts the avalanche-like process, resulting in bi-segmental 
response property in both dynamical process curves.

At microscopic scales, the black-body radiation described by Planck’s law originates from thermally excited 
propagating electromagnetic waves that leave the surface of thermal emitter in the form of photons40,41. Kirchhoff ’s 
law connects the emissivity of a material directly to its absorptivity at equilibrium, so the radiation from a metallic 

Figure 5. Dynamic properties of APL. (a) Dynamic response of APL intensity with CW laser irradiation being 
blocked for different periods of time. (b) Dynamic response of the APL and scattered laser intensities versus 
the CW laser EPDs. (c) Normalized APL spectra selected from the rising side of APL dynamic process in (b), 
indicating an obvious blueshift of the APL peak.
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nanostructure is tailored by its absorption property. In fact, many works have been done to engineer the thermal 
radiation or absorption properties by designing structures with specific SPR absorption spectra, or SP-DOS dis-
tribution42–49. Hence, the energy utilization efficiency could be improved by selective suppressing the unwanted 
thermal radiation48 or heat conduction. However, most of these works concentrated on devices working in infrared 
spectral region.

In our case, the NW array can be treated as a collection of nanoantennas for visible/near-infrared thermal 
radiation50. The large aspect ratio of the NWs makes them easier to be heated by laser51, and the small average 
separation between nearby NWs offers a highly efficient (far beyond the limitation of Planck’s law) near-field 
heat transferring channel by tunneling of thermally excited evanescent waves2,41,52–55. This tunneling effect not 
only holds back the fast increase of temperature, but also leads to quenching of photoemission at the existence 
of Al foil substrate as we have observed. At regular temperatures, hundreds of Kelvin for example, the dominant 
thermally excited electromagnetic wave energy lies far below the longitudinal SPR energy band, so the radiation is 
suppressed for a period of time (the dark-time). Meanwhile, the absorption of excitation energy by the array grows 
in the longitudinal SPR band as the temperature goes up, according to Kirchhoff ’s law, resulting in a decrease of 
scattered laser intensity during the dark-time. When Tth is reached, the avalanche-like process begins as the ther-
mally excited electromagnetic wave energy starts to markedly intersect with the SPR extinction band. Therefore, 
more heat energy is allowed to couple to longitudinal SPR and finally leave the sample through radiative decay of 
SPR, giving the APL spectra that we observed. A final temperature/APL intensity is reached once the input (laser 
radiation) and output (thermal radiation and heat conduction) power get equivalent. Since the absorption of laser 
is further enhanced in this process, we can see now that the shift of EPDth shown in inset of Fig. 3a is caused by the 
difference in laser absorption before and after Tth is reached.

For black-body radiation, two significant features should be addressed. One is the great enhancement of radi-
ation intensity (similar to our APL) with the growing of temperature46,48,56, the other one is a blue-shift in pho-
toemission spectra according to Planck’s law. Fortunately, we did find both in our sample. As shown in Fig. 5c, 
some spectra were picked out from the rising side of the dynamical APL process when the EPD was 25.9 kW/cm2, 
as indicated by the dashed lines in different colors. Clear blue-shift can be seen in the normalized spectra. Hence, 
the APL is proven to be SPR assisted thermal radiation, which means, SPR excitation not only helps to heat the 
metal lattice by generating hot electrons, but also selectively couples thermal radiation into far field luminescence.

As evidence, we calculated black-body radiation spectra according to Planck’s law by estimating the Au lattice 
temperature in the range from 1200 K to 1300 K with an interval of 20 K. The estimation was made based on a 
slow decay of APL intensity during a long time observation under laser irradiation of 30.3 kW/cm2 (see Figure 
S4). Some of the NWs were believed to be deformed in this process, so Tth is estimated to lie below the melting 
point of the NWs57. Despite that the reported temperature rise in other plasmonic systems are not as large to give 
pronounced photoemission in the visible region, the relatively small heat capacity of porous AAO template and 
poor heat dissipation condition of air circumstance at room temperature in our case still makes it possible. Another 
proof is that, thinner AAO templates are more easily damaged by the large amount of heat generated by the NWs 
than thicker ones, so the local temperature must be extremely high. From the calculation, a series of monotonic 
decreasing curves in the spectral region that we are interested in (i.e. 1.1 ∼  2.5 eV, Fig. 6a) were obtained. By plotting 

Figure 6. Black-body calculation and schematic illustration of the proposed model. (a) Black-body 
radiation calculation in the 1200K ∼  1300 K temperature region according to Planck’s law. Inset:the variation 
of monochromic heat flux at 1.42 eV versus temperature gives a slope of 13.09 ±  0.08 in logarithmic coordinate. 
(b) The formation of the asymmetric APL peak is interpreted qualitatively as an extinction spectrum tailored 
monodecreasing black-body radiation curve in the corresponding spectral region. (c) The proposed model is 
illustrated to interpret the origin of the APL from metallic nanowires as an SPR assisted thermal radiation.



www.nature.com/scientificreports/

7Scientific RepoRts | 6:18857 | DOI: 10.1038/srep18857

the calculated heat flux values at 1.42 eV versus temperature in a logarithmic coordinate system and linearly fitting 
the data points, we got a slope value of 13.09 ±  0.08 (see inset of Fig. 6a), which is on the same order of magnitude 
with the measured ones in this paper (9.01 ±  1.09, Fig. 3b) as well as other works19,20. Although this comparison is 
rough, it does help to understand the role played by black-body radiation in the APL behavior in nanostructures 
of this kind. In Fig. 6b we qualitatively explain the formation mechanism of an asymmetrical APL curve (or a tai-
lored black-body radiation spectrum), by combining a monotonic decreasing black-body radiation curve together 
with a nearly symmetrical extinction one. The radiation in the transverse SPR band vanishes because no thermal 
radiation falls into it at this temperature range.

Figure 6c is a schematic illustration of our model that the APL is indeed a kind of SPR assisted thermal radiation 
in the visible region. The radiated energy comes from thermally excited electromagnetic waves that fall into the 
SPR band of the NW. APL only occurs when the metal lattice temperature is sufficiently high that these electro-
magnetic waves are efficiently coupled to SPR and finally radiated to the far field. It is an efficient way to heat the 
nanostructure by means of SPR resonant excitation with laser, since the enhanced absorption and localized field 
intensity improves the local energy density, and the large penetration depth of the incoming field involves more 
metal atoms in heating51. Moreover, the suppression of unwanted radiation and heat conduction also helps to 
minimize the waste of heat energy, which is beneficial for the increase of temperature of the metal lattice.

In summary, we have fabricated an Au NW array using electrochemical deposition method in a porous AAO 
template and investigated the APL behavior systematically under different excitation conditions. The results showed 
that both the APL intensity and the dynamical processes were sensitive to the mean EPD, but not dependent on 
the excitation wavelength. After excluding the possibility of APL originating from direct radiative decay of sur-
face plasmon resonance or recombination of electron-hole pairs through the observation of extremely long APL 
lifetime, we proposed a new model, i.e. surface plasmon assisted thermal radiation, to explain the APL in Au and 
other metallic NWs, in which temperature was a key factor to control the APL behavior. The observed blue-shift 
of APL peak and the good agreement between numerical calculations and experimental observations confirmed 
the correctness of our explanation. These results and analysis not only provide new insights into the APL mecha-
nism of metallic/plasmonic nanostructures, but also demonstrate that thermal radiation can be readily extended 
to visible region by designing plasmonic nanostructures appropriately, and exciting them with laser beams rather 
than complicated heating equipments. This APL behavior may find potential applications in bio-detectors and 
new photoemission devices.

Methods
Fabrication and characterization. The anodic aluminum oxide (AAO) template was fabricated by using 
a two-step anodization method24. A 99.99% aluminum sheet, electrochemically polished in ethanol solution of 
HClO4 (VHClO4 :Vethanol =  1:3) at 16 V and 4 °C for 3.5 min with a Pt counter electrode, was used for first anodiza-
tion in 0.3 M sulfuric acid solution at 19 V and 4 °C for 4.75 h, after which the aluminum oxide layer was removed 
by wet chemical etching in 60 °C mixed solution of chromic acid (wt 1.5%) and phosphoric acid (wt 6%) for 10 h. 
Then a second anodization process under exactly the same condition as former was applied for 13 h 40 min to 
get a new aluminum oxide layer thick enough to avoid being damaged by strong laser irradiation in the latter 
optical measurements. The ordered hole array was obtained by stepwise reducing the anode voltage to 6 V. The 
Au NW array was deposited into the porous AAO template by applying an alternating current (AC, 8 V, 50 Hz) in 
a mixture of HAuCl4 (10 mM) and H2SO4 (0.03 M) solution. Finally, the Al foil was removed with oversaturated 
solution of HgCl2.

NWs were released by dissolving the template with NaOH aqueous solution (1 M). The mixture was diluted 
with ethanol and then centrifuged for 6 min at a speed of 6000 r/min. Bottom layer of the solution was saved for 
morphology characterization. The morphology of the AAO template and NWs are characterized by scanning 
electron microscopy (SEM). The component of the NWs released from the template was determined by energy 
dispersive X-ray spectroscopy (EDS) analysis (See Figure S1 for more details).

Optical measurements. The extinction measurement was performed with a UV-Vis-IR spectrophotometer 
(PerkinElmer, Lambda 950). In order to observe both the transverse and longitudinal SPR extinction bands, the 
sample was mounted on a homemade stage to make sure the incident angle was 45 degree, and besides, the inci-
dent laser beam is linearly polarized by a Glan-Tylor prism along the axis direction of the NWs (p− polarization).

Photoluminescence and lifetime measurements were also carried out at an incident angle of 45 degree. A 
Ti:Sapphire laser source (Coherent, Mira-900) working at continuous wave (CW) or pulsed (130 fs, 76 MHz) 
output modes served as the laser source. An attenuator and a half wave plate were used to modulate the excitation 
power and to adjust the laser polarization direction, respectively. The laser beam was focused by a convex lens 
(f =  75 mm) onto one side of the sample and the APL signal was collected from the other side of it (see Fig. 2a and 
Figure S2) to avoid disturbance of signal by reflected laser. A small portion (2:02%) of laser power was reflected 
by a glass slide into a power meter to monitor the EPD at the front surface of the sample under oblique incident 
condition. All EPD values in the text are calibrated. The APL and scattering signals were collected by a group of 
lenses into a spectrometer (Andor, SP-970) for spectral analysis. Notch filters centered at different wavelengths 
were used as laser blockers, so they may induce suppression of photon counts around excitation wavelength in the 
spectra. The lifetime measurements were performed taking advantage of a time correlated single photon counting 
(TCSPC) system.

In the dynamical process observations, a mechanical shutter was employed to modulate the CW laser irradia-
tion into square wave pulses. The signal spectra were recorded by the CCD of the spectrometer at a frequency of 
1000 Hz. Detailed system configuration can be found in supporting information (Figure S2).
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Theoretical calculation. Black-body heat flux calculation was done with Matlab R2014a according to 
Planck’s law of black-body radiation39:

ν ν
( , ) =

− ( )ν
I T h

c e

2 1

1 1h
kT

3

2

where I (v, T) is the heat flux radiated by a perfect black-body, h is the Planck constant, c is the speed of light in 
vacuum, v is the frequency of electromagnetic radiation, k is Boltzmann constant and T is the absolute temperature 
of the black-body. The temperature was estimated to locate below the melting point of Au NWs, so we set a series 
of temperature values from 1200 K to 1300 K with an interval of 20 K.

References
1. Link, S. & El-Sayed, M. A. Spectral Properties and Relaxation Dynamics of Surface Plasmon Electronic Oscillations in Gold and 

Silver Nanodots and Nanorods. J. Phys. Chem. B 103, 8410–8426 (1999).
2. Cahill, D. G. et al. Nanoscale Thermal Transport II. 2003-2012. Appl. Phys. Rev. 1, 011305 (2014).
3. Clavero, C. Plasmon-induced Hot-Electron Generation at Nanoparticle/Metal-Oxide Interfaces for Photovoltaic and Photocatalytic 

Devices. Nature Photon. 8, 95–103 (2014).
4. Brongersma, M. L., Halas, N. J. & Nordlander, P. Plasmon-induced Hot Carrier Science and Technology. Nature Nanotech. 10, 25–34 

(2015).
5. Ono, A., Kato, J.-i. & Kawata, S. Subwavelength Optical Imaging through a Metallic Nanorod Array. Phys. Rev. Lett. 95, 267407 (2005).
6. Hirsch, L. R. et al. Nanoshell-mediated Near-Infrared Thermal Therapy of Tumors under Magnetic Resonance Guidance. PNAS 100, 

13549–13554 (2003).
7. Lal, S., Clare, S. E. & Halas, N. J. Nanoshell-enabled Photothermal Cancer Therapy-impeding Clinical Impact. Acc. Chem. Res. 41, 

1842–1851 (2008).
8. Huang, X., Neretina, S. & El-Sayed, M. A. Gold Nanorods: From Synthesis and Properties to Biological and Biomedical Applications. 

Adv. Mater. 21, 4880–4910 (2009).
9. Hall, W. P. et al. A Conformation- and Ion-Sensitive Plasmonic Biosensor. Nano Lett. 11, 1098–1105 (2011).

10. Stipe, B. C. et al. Magnetic Recording at 1.5 Pb m-2 Using an Integrated Plasmonic Antenna. Nature Photon. 4, 484–488 (2010).
11. García de Arquer, F. P., Mihi, A. & Konstantatos, G. Large-Area Plasmonic-Crystal-Hot-Electron-Based Photodetectors. ACS Photonics 

2, 950–957 (2015).
12. Boyd, G., Yu, Z. & Shen, Y. Photoinduced Luminescence from the Noble Metals and Its Enhancement on Roughened Surfaces. Phys. 

Rev. B 33, 7923–7936 (1986).
13. Mohamed, M. B., Volkov, V., Link, S. & El-Sayed, M. A. The Lightning Gold Nanorods-Fluorescence Enhancement of over a Million 

Compared to The Gold Metal. Chem. Phys. Lett. 317, 517–523 (2000).
14. Beversluis, M., Bouhelier, A. & Novotny, L. Continuum Generation from Single Gold Nanostructures Through Near-Field Mediated 

Intraband Transitions. Phys. Rev. B 68, 115433 (2003).
15. Bouhelier, A. et al. Surface Plasmon Characteristics of Tunable Photoluminescence in Single Gold Nanorods. Phys. Rev. Lett. 95, 

267405 (2005).
16. Imura, K. & Okamoto, H. Properties of Photoluminescence from Single Gold Nanorods Induced by Near-Field Two-Photon 

Excitation. J. Phys. Chem. C 113, 11756–11759 (2009).
17. Jiang, X.-F. et al. Excitation Nature of Two-Photon Photoluminescence of Gold Nanorods and Coupled Gold Nanoparticles Studied 

by Two-Pulse Emission Modulation Spectroscopy. J. Phys. Chem. Lett. 4, 1634–1638 (2013).
18. Knittel, V. et al. Nonlinear Photoluminescence Spectrum of Single Gold Nanostructures. ACS Nano 9, 894–900 (2015).
19. Wang, Q.-Q. et al. Highly Efficient Avalanche Multiphoton Luminescence from Coupled Au Nanowire in the Visible Region. Nano 

Lett. 7, 723–728 (2007).
20. Gong, H. M., Zhou, Z. K., Xiao, S., Su, X. R. & Wang, Q. Q. Strong Near-infrared Avalanche Photoluminescence from Ag Nanowire 

Arrays. Plasmonics 3, 59–64 (2008).
21. Song, M. et al. Polarization Properties of Surface Plasmon Enhanced Photoluminescence from a Single Ag Nanowire. Opt. Express 

20, 22290–22297 (2012).
22. Zhou, Z. K. et al. Tuning Gold Nanorod-Nanoparticle Hybrids into Plasmonic Fano Resonance for Dramatically Enhanced Light 

Emission and Transmission. Nano Lett. 11, 49–55 (2011).
23. Varnavski, O. P., Mohamed, M. B., El-Sayed, M. A. & III, T. G. Relative Enhancement of Ultrafast Emission in Gold Nanorods. J. Phys. 

Chem. B 107, 3101–3104 (2003).
24. Xue, J. et al. Gold Nanoarray Deposited Using Alternating Current for Emission Rate-Manipulating Nanoantenna. Nanoscale Res. 

Lett. 8, 295 (2013).
25. Jao, C.-Y., Magill, B. A., Chen, K., See, E. M. & Robinson, H. D. Enhanced Multiphoton-Induced Luminescence in Silver Nanoparticles 

Fabricated with Nanosphere Lithography. Plasmonics 10, 87–98 (2014).
26. Schider, G. et al. Plasmon Dispersion Relation of Au and Ag Nanowires. Phys. Rev. B 68, 155427 (2003).
27. Viarbitskaya, S. et al. Plasmonic Hot Printing in Gold Nanoprisms. ACS Photonics 2, 744–751 (2015).
28. Jain, P. K., Eustis, S. & El-Sayed, M. A. Plasmon Coupling in Nanorod Assemblies: Optical Absorption, Discrete Dipole Approximation 

Simulation, and Exciton-Coupling Model. J. Phys. Chem. B 110, 18243–18253 (2006).
29. Willingham, B., Brandl, D. W. & Nordlander, P. Plasmon Hybridization in Nanorod Dimers. Appl. Phys. B 93, 209–216 (2008).
30. Dulkeith, E. et al. Plasmon Emission in Photoexcited Gold Nanoparticles. Phys. Rev. B 70, 205424 (2004).
31. Hu, H., Duan, H., Yang, J. K. W. & Shen, Z. X. Plasmon-modulated Photoluminescence of Individual Gold Nanostructures. ACS Nano 

6, 10147–10155 (2012).
32. Fang, Y. et al. Plasmon Emission Quantum Yield of Single Gold Nanorods as a Function of Aspect Ratio. ACS Nano 6, 7177–7184 

(2012).
33. Sonnichsen, C., Franzl, T., Wilk, T., von Plessen, G. & Feldmann, J. Drastic Reduction of Plasmon Damping in Gold Nanorods. Phys. 

Rev. Lett. 88, 077402 (2002).
34. Manjavacas, A., Liu, J. G., Kulkarni, V. & Nordlander, P. Plasmon-Induced Hot Carriers in Metallic Nanoparticles. ACS Nano 8, 

7630–7638 (2014).
35. van Exter, M. & Lagendijk, A. Ultrashort Surface-Plasmon and Phonon Dynamics. Phys. Rev. Lett. 60, 49–52 (1988).
36. Link, S. & El-Sayed, M. A. Shape and Size Dependence of Radiative, Non-Radiative and Photothermal Properties of Gold Nanocrystals. 

Int. Rev. Phy. Chem. 19, 409–453 (2000).
37. Voisin, C., Christofilos, D., Fatti, N. D. & Vallée, F. Size-Dependent Electron-Electron Interaction in Metal Nanoparticles. Phys. Rev. 

Lett. 85, 2200–2203 (2000).
38. Fatti, N. D. et al. Nonequilibrium Electron Dynamics in Noble Metals. Phys. Rev. B 61, 16956–16966 (2000).
39. Planck, M. Ueber das Gesetz der Energieverteilung im Normalspectrum. Ann. Phys-Berlin 309, 553–563 (1901).
40. Planck, M.& Masius, M. In The theory of heat radiation, Ch. 1, 1–6 (Dover, 1991).



www.nature.com/scientificreports/

9Scientific RepoRts | 6:18857 | DOI: 10.1038/srep18857

41. Hu, L., Narayanaswamy, A., Chen, X. & Chen, G. Near-Field Thermal Radiation Between Two Closely Spaced Glass Plates Exceeding 
Planck’s Blackbody Radiation Law. Appl. Phys. Lett. 92, 133106 (2008).

42. Greffet, J.-J. et al. Coherent Emission of Light by Thermal Sources. Nature 416, 61–64 (2002).
43. Marquier, F. et al. Coherent Spontaneous Emission of Light by Thermal Sources. Phys. Rev. B 69, 155412 (2004).
44. Ye, Y.-H. et al. Localized Surface Plasmon Polaritons in Ag∕SiO2∕Ag Plasmonic Thermal Emitter. Appl. Phys. Lett. 93, 033113 (2008).
45. Diem, M., Koschny, T. & Soukoulis, C. M. Wide-Angle Perfect Absorber/Thermal Emitter in the Terahertz Regime. Phys. Rev. B 79, 

033101 (2009).
46. Liu, X. et al. Taming the Blackbody with Infrared Metamaterials as Selective Thermal Emitters. Phys. Rev. Lett. 107, 045901 (2011).
47. Chen, H.-H., Hsiao, H.-H., Chang, H.-C., Huang, W.-L. & Lee, S.-C. Double Wavelength Infrared Emission by Localized Surface 

Plasmonic Thermal Emitter. Appl. Phys. Lett. 104, 083114 (2014).
48. Miyazaki, H. T. et al. Dual-Band Infrared Metasurface Thermal Emitter for CO2 Sensing. Appl. Phys. Lett. 105, 121107 (2014).
49. Dao, T. D. et al. Infrared Perfect Absorbers Fabricated by Colloidal Mask Etching of Al-Al2O3-Al Trilayers. ACS Photonics 2, 964–970 

(2015).
50. Biagioni, P., Huang, J. S. & Hecht, B. Nanoantennas for Visible and Infrared Radiation. Rep. Prog. Phys. 75, 024402 (2012).
51. Baffou, G., Quidant, R. & Girard, C. Heat Generation in Plasmonic Nanostructures: Influence of Morphology. Appl. Phys. Lett. 94, 

153109 (2009).
52. Hargreaves, C. M. Anomalous Radiative Transfer between Closely-Spaced Bodies. Phys. Lett. A 30, 491–492 (1969).
53. Pendry, J. B. Radiative Exchange of Heat between Nanostructures. J. Phys. Condens. Matter 11, 6621–6633 (1999).
54. Narayanaswamy, A. & Chen, G. Surface Modes for Near Field Thermophotovoltaics. Appl. Phys. Lett. 82, 3544 (2003).
55. Shen, S., Mavrokefalos, A., Sambegoro, P. & Chen, G. Nanoscale Thermal Radiation between Two Gold Surfaces. Appl. Phys. Lett. 

100, 233114 (2012).
56. Ikeda, K. et al. Controlled Thermal Emission of Polarized Infrared Waves from Arrayed Plasmon Nanocavities. Appl. Phys. Lett. 92, 

021117 (2008).
57. Nanda, K. K., Sahu, S. N. & Behera, S. N. Liquid-Drop Model for the Size-Ddependent Melting of Low-Dimensional Systems. Phys. 

Rev. A 66, 013208 (2002).

Acknowledgements
This work was supported by National Basic Research Program of China (2014TS143), scientific and technological 
research projects of Hubei province (B2015194), National Scientific Foundation of China (11404124), and the 
pulsed high magnetic field facilities at Wuhan National High Magnetic Field Center. The authors thank Z. K. Zhou 
form Sun Yat-sen University for providing part of the sample fabrication equipments and X. Zhou from Huazhong 
University of science and technology for SEM characterization of the AAO template.

Author Contributions
Z.M., J.H. and L.L. designed the research. Y.Y. prepared the sample. S.S. and L.Y. performed the SEM, EDS and 
extinction spectrum characterization. Z.M. and H.D. performed other optical measurements. Y.H. and X.W. carried 
out the theoretical calculations. Z.M. and J.H. wrote the manuscript. All authors discussed the data and commented 
on the manuscript.

Additional Information
Supplementary information accompanies this paper at http://www.nature.com/srep
Competing financial interests: The authors declare no competing financial interests.
How to cite this article: Ma, Z. et al. Origin of the Avalanche-Like Photoluminescence from Metallic 
Nanowires. Sci. Rep. 6, 18857; doi: 10.1038/srep18857 (2016).

This work is licensed under a Creative Commons Attribution 4.0 International License. The images 
or other third party material in this article are included in the article’s Creative Commons license, 

unless indicated otherwise in the credit line; if the material is not included under the Creative Commons license, 
users will need to obtain permission from the license holder to reproduce the material. To view a copy of this 
license, visit http://creativecommons.org/licenses/by/4.0/

http://www.nature.com/srep
http://creativecommons.org/licenses/by/4.0/

	Origin of the Avalanche-Like Photoluminescence from Metallic Nanowires
	Introduction
	Results and Discussion
	Methods
	Fabrication and characterization
	Optical measurements
	Theoretical calculation

	Additional Information
	Acknowledgements
	References



 
    
       
          application/pdf
          
             
                Origin of the Avalanche-Like Photoluminescence from Metallic Nanowires
            
         
          
             
                srep ,  (2015). doi:10.1038/srep18857
            
         
          
             
                Zongwei Ma
                Ying Yu
                Shaoxin Shen
                Hongwei Dai
                Linhua Yao
                Yibo Han
                Xia Wang
                Jun-Bo Han
                Liang Li
            
         
          doi:10.1038/srep18857
          
             
                Nature Publishing Group
            
         
          
             
                © 2015 Nature Publishing Group
            
         
      
       
          
      
       
          © 2015 Macmillan Publishers Limited
          10.1038/srep18857
          2045-2322
          
          Nature Publishing Group
          
             
                permissions@nature.com
            
         
          
             
                http://dx.doi.org/10.1038/srep18857
            
         
      
       
          
          
          
             
                doi:10.1038/srep18857
            
         
          
             
                srep ,  (2015). doi:10.1038/srep18857
            
         
          
          
      
       
       
          True
      
   




