
2007274 (1 of 7) © 2021 Wiley-VCH GmbH

www.small-journal.com

ReseaRch aRticle

Fiber Coupled Near-Field Thermoplasmonic Emission 
from Gold Nanorods at 1100 K

Jiayu Li, Jeffrey Wuenschell, Zhuo Li, Subhabrata Bera, Kai Liu, Renhong Tang, 
Henry Du, Paul R. Ohodnicki,* and Sheng Shen*

Dr. J. Li, Z. Li, Prof. S. Shen
Department of Mechanical Engineering
Carnegie Mellon University
Pittsburgh, PA 15213, USA
E-mail: sshen1@cmu.edu
Dr. J. Wuenschell, Dr. S. Bera
National Energy Technology Laboratory
626 Cochrans Mill Road, Pittsburgh, PA 15236, USA
Dr. J. Wuenschell, Dr. S. Bera
Leidos Research Support Team
626 Cochrans Mill Road, Pittsburgh, PA 15236, USA
Dr. K. Liu, R. Tang, Prof. H. Du
Department of Chemical Engineering and Materials Science
Stevens Institute of Technology
Hoboken, NJ 07030, USA
Prof. P. R. Ohodnicki
Department of Mechanical Engineering and Materials Science
University of Pittsburgh
Pittsburgh, PA 15260, USA
E-mail: PRO8@pitt.edu

The ORCID identification number(s) for the author(s) of this article 
can be found under https://doi.org/10.1002/smll.202007274.

DOI: 10.1002/smll.202007274

1. Introduction

In recent decades, gold nanostructures 
such as gold nanospheres and nanorods 
have generated enormous interest in 
manipulating light in the visible and 
near-infrared range due to the excitation 
of localized surface plasmon resonance 
(LSPR).[1–3] By efficiently absorbing and 
scattering light, these structures have 
been used for a broad range of applica-
tions including Raman spectroscopy, 
chemical sensing, photocatalysis, solar 
energy conversion, cancer therapy,[4–12] 
etc. In particular, gold nanostructures 
are of interest for optimized integration 
with photonic devices due to the ability 
to tailor the characteristic absorption and 
scattering cross section for near-infrared 
applications. However, gold nanostruc-
tures with shape anisotropy are not 
stable and tend to become spherical and 
ultimately agglomerate when placed in 
close proximity at even relatively low 
temperatures such as 500 K due to their 

high surface energy and hence melting temperature depres-
sion with respect to bulk gold.[13,14] As a result, they are not 
commonly used for high temperature applications, such as 
thermal energy conversion and chemical sensing, and their 
corresponding LSPR modes have not been measured and char-
acterized at high temperatures. In this work, we demonstrate 
the first direct observation of thermally excited LSPR modes 
in gold nanorods (GNRs) at 1100 K. Geometrically confined in 
the nanopore channels of an anodic aluminum oxide (AAO) 
layer, the GNRs are well stabilized at a high temperature.[15,16] 
Since some LSPR modes of GNRs only exist in the near-field, 
these modes cannot be directly measured by traditional far-field 
thermal emission experiments.[17,18] To measure spectral near-
field thermal responses, near-field scanning optical microscope 
based techniques are usually applied,[19,20] where a sharp tung-
sten tip or platinum-coated atomic force microscope tip is used 
as a scattering site to couple near-field emission to the far-field. 
However, such tip scattered thermal emission measurements 
have a poor signal-to-noise ratio and a low accuracy. Here, 
by coupling with an optical fiber in the near-field, the ther-
mally excited LSPR modes from the GNRs can be converted 
into the propagating modes in the optical fiber and measured 
remotely.[21,22]

Nanostructured gold has attracted significant interest from materials sci-
ence, chemistry, optics and photonics, and biology due to their extraordi-
nary potential for manipulating visible and near-infrared light through the 
excitation of plasmon resonances. However, gold nanostructures are rarely 
measured experimentally in their plasmonic properties and hardly used for 
high-temperature applications because of the inherent instability in mass 
and shape due to the high surface energy at elevated temperatures. In this 
work, the first direct observation of thermally excited surface plasmons in 
gold nanorods at 1100 K is demonstrated. By coupling with an optical fiber 
in the near-field, the thermally excited surface plasmons from gold nanorods 
can be converted into the propagating modes in the optical fiber and experi-
mentally characterized in a remote manner. This fiber-coupled technique 
can effectively characterize the near-field thermoplasmonic emission from 
gold nanorods. A direct simulation scheme is also developed to quantitively 
understand the thermal emission from the array of gold nanorods. The exper-
imental work in conjunction with the direct simulation results paves the way 
of using gold nanostructures as high-temperature plasmonic nanomaterials, 
which has important implications in thermal energy conversion, thermal 
emission control, and chemical sensing.
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2. Theory of Mode Hybridization in a Gold 
Nanorod Array

Thermal radiation from a nanoscale emitter can be strongly 
modulated by the emitter’s resonant modes.[23,24] As described 
in quasi-normal mode theory, the thermal radiation from 
resonant emitters can be expressed as ( ) ( ) ( )∑φ ω ϕ ω ω= L

n
n n ,  

where ϕ(ω) is the reduced radiative heat flux to the far-field, 
and the total thermal emission power can be calculated as 
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and φ(ωn) is the reduced thermal emission spectrum with a 
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factor with Qn being the quality factor of the corresponding 
resonant mode.

For a GNR emitter, the collective resonance of free electrons 
and electromagnetic waves result in the LSPRs.[25–27] Thus, the 
thermal emission spectrum from a single nanorod emitter at 
an elevated temperature has narrow-band peaks due to the exci-
tation of the LSPRs. The peak value strongly depends on the 
properties of each LSPR. As one example, for a GNR with the 
diameter of 50  nm and the length of 200  nm, there exist two 
types of LSPRs that can be excited: longitudinal and transverse 
modes,[28,29] where the longitudinal LSPR wavelength is larger 
than that of the transverse LSPR. In the scenario of thermal 
excitation, the random motion of the free electrons inside the 
GNR due to the thermal fluctuation can excite both the types of 
LSPRs. In Figure 1a, we plot the thermally excited longitudinal 
LSPR inside the GNR. The corresponding far-field thermal 
radiation spectrum around the longitudinal LSPR is shown 
by the blue curve in Figure  1e, for which a narrow-band peak 
around 860 nm is observed.

As additional nanorods are brought into proximity, the 
mode overlapping between neighboring nanorods leads to 
the hybridization of the LSPRs for individual nanorods.[28,30] 

To elucidate such a mode coupling effect, we consider the 
simplest case where only two nanorods are coupled for their 
first longitudinal LSPR. The Hamiltonian of the uncoupled 
nanorods can be represented by a simplified expression,[31] 

1
2
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+H a a . Here, ωL is the resonance frequency 

of the fundamental longitudinal LSPR, 1,2
+a  is the photon crea-

tion operator and a1,2 is the annihilation operator for the two 
uncoupled nanorods, respectively. The total Hamiltonian 
with the coupling between two nanorods can be expressed 

as 1
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. Here, 

κ is the coupling strength. The ground state of the coupled 
system can be represented by a Fock state as |0, 0〉, then the 
first excitation state is |1, 0〉 or |0, 1〉 when the first longitudinal 
LSPR is excited in one of the nanorods. Solving this eigen-
value problem for the total Hamiltonian yields two eigen-

states, 
2

2
(| 1,0 | 0,1 )1φ = 〉+ 〉  and 

2
2

(| 1,0 | 0,1 )2φ = 〉− 〉 , where 

ϕ1 is a symmetric mode with the resonant frequency at ω + κ, 
and ϕ2 is an asymmetric mode with the resonant frequency at 
ω − κ. These two new modes are the hybridized LSPR modes. 
The coupling strength κ depends on the spacing between the 
nanorods, the length of the nanorods and the permittivity of 
the environment.[28,32] As the spacing between the nanorods 
decreases, the coupling strength κ increases. The enhanced 
coupling leads to a larger energy difference between the sym-
metric and asymmetric modes. Specifically, the symmetric 
mode experiences a blue-shift in the spectrum while the asym-
metric mode has a red-shift. When more than two nanorods are 
brought into proximity, the hybridization of the LSPR modes 
becomes more complicated. For a GNR emitter array with large 
coupling strength, the hybridized symmetric and asymmetric 
modes can mix and form “hybridization mode bands.”[31,33]

Here we explore the hybridization of the longitudinal LSPRs 
of the GNR array at different spacings as shown in Figure 1b. The 
GNRs are embedded in alumina with two different spacings, 

Figure 1. LSPR mediated thermoplamonic emission from GNRs. a) Electric field profile of the longitudinal LSPR of a GNR. The length of the nanorod 
is 200 nm and the diameter is 50 nm. b) Schematic of the GNR array embedded inside an alumina layer on the planar sapphire substrate. The y-com-
ponent of the electric field for c) symmetric and d) asymmetric hybridization modes when the spacing is 200 nm. e) The thermal radiation spectra 
from a single emitter inside the array at different spacings.
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200 and 400  nm. The direct simulation of thermal emission 
from the GNRs is conducted based on the Wiener-chaos expan-
sion (WCE) method [34,35] using the finite-different time-domain 
(FDTD) calculation, where we put a set of dipole source arrays 
inside the GNRs to mimic the thermally excited current density. 
The position, intensity and polarization of the dipole sources 
inside the GNRs are carefully designed such that different sets 
of dipole sources are orthogonal to each other, which manifests 
the incoherence nature of thermal sources. The symmetric 
and asymmetric mode profiles of the hybridized LSPRs are 
plotted in Figure 1c,d. The influence of the mode hybridization  
on the thermal radiation from a single nanorod inside the GNR 
array can be clearly seen in Figure 1e. As expected, the original 
longitudinal LSPR starts to branch into two different modes, 
and the total thermal emission from the single nanorod inside 
the array is suppressed as the spacing decreases. This phenom-
enon is also referred to as the superradiance effect.[36,37]

3. Fabrication of the Gold Nanorod Array

To measure the LSPR-based thermal emission from GNRs at 
a high temperature, we fabricate GNR arrays inside an AAO 
layer coated on a sapphire fiber, and employ a waveguide cou-
pled near-field thermal extraction technique to characterize the 

spectral thermal emission of GNRs at a remote distance, in 
which the thermal emission of the GNRs is coupled into the 
waveguide modes in the optical fiber. The corresponding sche-
matic of the remote thermal emission measurement setup is 
shown in Figure 2a. The original unclad length of a sapphire 
fiber (MicroMaterials, Inc., SF200-10, 200  µm in diameter, 
10 cm in length) is coated with an AAO cladding layer via anodi-
zation, as described previously.[15,16] The GNRs then grow inside 
the AAO layer by electroplating [see Experimental Section]. 
As shown in Figure  2b,c for the scanning electron micro-
scopy (SEM) images of the side and top views, respectively, the 
resulting array of as-fabricated GNRs has an average diameter 
of ≈50  nm, a length of ≈150  nm, and a spacing of ≈100  nm. 
From the side views of GNRs (Figure 2b–d), the average aspect 
ratio of GNRs is measured to be ≈2.7. The fiber samples are 
then spliced on both ends and bonded to a 1 m long multimode 
silica fiber (Thorlabs FG105LCA, 105 µm core, 125 µm cladding) 
using a fusion splicer (Fitel S178A v2). Two control samples are 
identically prepared—one using only unclad sapphire fiber and 
the other with an AAO cladding layer, but there are no GNRs 
embedded in the control samples. Each fiber is then mounted 
in a short, custom-built tube furnace, where the spliced regions 
are located outside the hot zone. The samples are raised to a 
temperature of 1100 K over the course of 3 h, and then held 
at the temperature for 1 h before performing measurements. 

Figure 2. Fiber coupled near-field emission measurement of GNRs at 1100 K. a) Schematic of the fiber coupled near-field thermal emission measure-
ment setup. SEM images of the b) side and c) top views of the as-fabricated GNR-AAO layer on a sapphire fiber. d) SEM image of the same GNR-AAO 
layer after maintained at 1100 K for 1 h. e) XRD characterizations of GNRs before and after raised to high temperatures.
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The GNRs are stable at 1100 K due to the nanoconfinement 
from AAO, as shown by the SEM image in Figure 2d and the 
XRD characterization in Figure  2e. A Thorlabs optical spec-
trum analyzer (OSA 203B) is used to capture the thermal 
emission spectrum at one end of the silica lead fiber from  
1.1 to 2.6 µm, providing a calibrated power spectrum in units of 
mW nm−1. The measured spectrum is numerically integrated 
to acquire the total captured power. For lower temperature 
measurements, the temperature is lowered in 50 K increments 
and allowed to settle for 5 min at each new temperature before 
acquiring a new spectrum.

4. Results and Discussion
4.1. Direct Simulation of Emission Spectra

The LSPR hybridization usually takes place in the near-field 
and cannot be easily detected and characterized with traditional 
far-field spectrometers. In this work, by coating the GNR-AAO 
layer on a sapphire fiber, the mode overlapping between the 
LSPR modes and the fiber waveguiding modes enables the near-
field extraction of thermal emission from the GNRs into the 

propagating waveguiding modes in the fiber. To elucidate this 
near-field coupling effect, we perform direct thermal emission 
simulation on the GNR-AAO-fiber coupled system (Figure 3a). 
Here we consider a sapphire fiber of 200 µm in diameter. The 
thickness of the AAO layer grown directly on the sapphire 
fiber is set to be 150  nm. The diameter of the GNRs inside 
the AAO substrate is 50 nm, resulting in an aspect ratio of 3, 
and the spacing between adjacent nanorods is 100 nm. Aspect 
ratio is a crucial factor for controlling the resonant frequen-
cies of the LSPR modes in GNRs. The temperature dependent 
permittivity of gold is used for GNRs,[15] as gold is known to 
be more lossy at high temperatures. In our simulations, we 
only excite the thermal radiation of GNRs from the first 5 µm 
region, since the thermal emission beyond the 5  µm region 
will be balanced by the absorption of the GNRs and the sap-
phire fiber at thermal equilibrium and finally reach a saturation 
state.[17] Only the GNRs in proximity to the unmodified fiber 
portions will significantly contribute to the total thermal radia-
tion. We also utilize the rotational symmetry of the GNR-AAO-
fiber system to only calculate the thermal radiation from one 
row of the GNRs (in the z-direction as shown in Figure 3b–d),  
in which detailed structures of the GNRs-fiber system are still 
preserved in the FDTD simulation, including the honey-comb 

Figure 3. Direct simulation of fiber coupled near-field thermoplasmonic emission from GNRs. a) Schematic of the GNR-AAO on a sapphire fiber. 
b) The x-component of the Poynting vector at the cross-section of the sapphire fiber. The electric field profile of the GNRs at the intersection of the 
etched and intact sapphire fiber in the c) x–y plane and d) y–z plane. e) The extracted thermal radiation spectrum from the GNRs through the sapphire 
fiber for the GNRs with the aspect ratio of 3.
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nanorod array embedded in the AAO layer. Thus, the cou-
pling effect can be fully captured. Then, we only excite the 
thermal radiation from each GNR in a certain row as shown 
in Figure  3b–d. The contribution from the GNRs decays 
quickly as its distance to the fiber-intersection part increases 
(see Supporting Information). The total amount of thermal 
radiation from the entire GNRs can be calculated through mul-
tiplying the number of rows of the GNRs along the fiber cross-
section. In Figure  3e, we plot the extracted thermal radiation 
from the GNRs through the sapphire fiber. The diameter of the 
GNRs is fixed to be 50 nm, and the length of the GNRs in our 
simulation is chosen to be 150 nm, corresponding to the aspect 

ratio of 3. Figure  3b shows the power flow through the half 
cross-section of the sapphire fiber, where part of the thermal 
radiation from the GNRs is coupled into the sapphire fiber, 
while the rest is lost to the far-field. Approximately 43% of the 
total thermal radiation is coupled to the sapphire optical fiber 
(see Supporting Information).

The thermal radiation from the GNRs is strongly modulated 
by the LSPR modes, in which we can clearly observe a major 
peak in the thermal emission spectra from the GNRs at around 
1.2 µm, which is attributed to the longitudinal LSPR. There are 
also several minor peaks of which the wavelength ranges from 
1.4 to 2 µm due to the hybridization of the transverse plasmonic 

Figure 4. Measured spectral and total thermoplasmonic emission from GNRs by fiber coupled near-field extraction. a) The thermal emission spectrum 
collected from the GNR-AAO coated sapphire fiber. b) Normalized thermal emission spectra from the GNR-AAO layer and AAO layer only. The peaks 
from 1.1 to 1.5 µm originate from the LSPR of the GNRs with aspect ratios of 3. c) The total thermal emission power from the GNR-AAO layer on the 
sapphire fiber at different temperatures. d) The total thermal emission power estimated from direct simulation results.
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modes inside the GNRs. In Figure  3c,d, we plot the corre-
sponding electrical field intensity profile of the GNRs inside the 
AAO at the major plasmonic peak frequency. The dipole source 
arrays are placed inside the center nanorod to excite its thermal 
radiation, and the neighboring GNRs are strongly coupled to 
the center one via near-field coupling.

4.2. Measurement of Emission Spectra

In Figure 4a, we plot the collected thermal emission spectrum 
in the near-infrared range measured at 1100 K. The blue curve 
represents the thermal emission from the GNR-AAO coated 
sapphire fiber, whereas the yellow and red curves show the 
thermal emission from a bare sapphire fiber and an AAO coated 
sapphire fiber, respectively. To eliminate the experimental arti-
facts from the silica fiber, the collected thermal emission spec-
trum from GNR-AAO and AAO alone is normalized to that 
from the bare silica fiber, as shown in Figure  4b. Compared 
with the AAO or sapphire fiber itself, nearly one order of mag-
nitude enhancement in the thermal emission power density is 
observed from our experiment, which justifies that the major 
contribution to the thermal emission indeed originates from 
the GNRs. In Figure 4b, we can observe multi ple peaks for the 
thermal emission extracted from the GNRs. Those peaks are in 
the same resonant frequency range of the longitudinal LSPR of 
the GNRs as simulated in the previous section (Figure 3e). The 
abrupt dip around 1.4 µm in Figure  4a,b is mainly due to the 
absorption of the hydroxyl inside the silica fiber. In Figure 4c, 
the total thermal emission power integrated over the spectrum 
is plotted with respect to temperature. The experimental result 
shows good agreement with the estimated total thermal emis-
sion (Figure 4d) from the GNR-AAO layer for the aspect ratio 
of 3. The discrepancies between the experimental and simu-
lation results are mainly attributed to the following reasons. 
(i) During the fabrication process, the aspect ratio of the GNRs 
is not fixed as shown in Figure 2a–c. GNRs with different aspect 
ratios could affect thermal emission spectrum, particularly, the 
LSPRs. In the simulation, however, a fixed aspect ratio of 3 
is used to estimate the total thermal emission power. (ii) The 
shape of as-fabricated GNRs may differ from the ideal nanorod 
structure shown in Figure 2b. The deformation of GNRs could 
lead to a shift of LSPRs and therefore alter the thermal emis-
sion spectrum as predicted by the direct simulation method in 
Figure 3. (iii) Because a wet chemistry method is used to fabri-
cate the AAO layer, the spatial distribution of the GNRs inside 
the AAO layer is not perfectly hexagonal as assumed in the 
direct simulation. The deformation of the spatial distribution 
could result in the different coupling effect among the GNRs.

5. Conclusion

In summary, for the first time, we directly observe the LSPRs 
of GNRs at 1100 K. In order to stabilize the GNRs at a high 
temperature, we fabricate GNRs entrapped in an AAO layer, 
which is further coated on a sapphire fiber. The GNR-AAO-
fiber system is bonded to a silica fiber such that the thermal 
emission from GNRs can be coupled to the waveguiding 

modes in the optical fiber and measured at a remote distance. 
To physically elucidate the thermal emission spectrum of the 
complex GNR-AAO-fiber system, we conduct the direct simula-
tion for GNRs based on the Wiener chaos expansion method. 
Beyond existing applications of GNRs at low temperatures, the 
high-temperature GNR structure demonstrated in this work 
can be potentially used for thermal energy conversion, thermal 
emission control, chemical sensing, etc.

6. Experimental Section
Preparation of the GNR-AAO Layer on a Sapphire Fiber: The AAO 

claddings both on the sapphire substrate and the fiber were first 
infiltrated with an aqueous solution of 0.2  mg mL−1 poly(allylamine 
hydrochloride) (PAH, Sigma-Aldrich, Mw = 15 000) polymer at pH 9 for 
30 min to functionalize the AAO surface. Upon rinsing three times with 
Milli-Q water to remove any free or loosely bound PAH molecules, the 
PAH-coated AAO was then immersed into a 5  nm gold nanoparticle 
(NP) solution (Nanocomposix, citrate surface, 0.05 mg mL−1) for 13 h, 
followed by rinsing three times with Milli-Q water to remove any free or 
loosely bound gold NPs. The gold NPs were immobilized onto the PAH-
functionalized AAO top surface and pore walls through electrostatic 
interactions with PAH and binding between the gold NPs and amino 
groups of PAH. Subsequently, the 5  nm gold NPs-coated AAO was 
exposed to a fluorine-based reactive ion etching (RIE, Oxford PlasmaPro 
NPG80) process to remove any gold NPs on the top surface. Finally, 
the AAO, with gold NPs only anchored on the pore channel walls, was 
immersed into a gold plating solution containing 0.079 m gold sodium 
sulphite (Na3Au(SO3)2, Alfa chemistry, 100 g L−1), 0.127 m sodium sulfite 
(Na2SO3, SigmaAldrich, 98%), 0.025 m sodium bicarbonate (NaHCO3, 
Sigma-Aldrich, 99.7%, ACS reagent), and 0.0625 m formaldehyde 
(HCHO, Sigma-Aldrich, 36.5–38% in H2O) for 20 h at 4 °C until GNRs 
formed. The pH of the gold plating solution was adjusted to 8 by 
dropwise addition of 1 m H2SO4 (H2SO4, Sigma-Aldrich, 95–98%). An 
additional annealing procedure at 250  °C for 1 h was conducted to 
densify the GNRs. The geometry of the resulting GNRs in AAO cladding 
was measured via SEM (Zeiss Auriga).

Experimental Setup for the Fiber Coupled Near-Field Thermoplasmonic 
Emission Measurement: Initially unclad lengths of the sapphire fiber (Al2O3, 
MicroMaterials, Inc., SF200-10, 200  µm in diameter, 10  cm in length) 
were coated with an AAO cladding layer via anodization and incorporated 
with GNRs. The resulting array of nanorods exhibit 50 nm average pore 
diameter, 100 nm thickness, and 100 nm spacing. The fiber samples were 
then spliced on both ends to an ≈1 m long commercial multimode silica 
fiber (Thorlabs FG105LCA, 105 µm core, 125 µm cladding) using a fusion 
splicer (Fitel S178A v2). Two control samples were identically prepared—
one using only unclad sapphire fiber and the other with an AAO cladding 
layer, but no GNRs. Each fiber was then mounted in a short, custom-
built tube furnace so that the spliced regions are located outside of the 
hot zone. The fiber was suspended across the entire tube furnace, in 
which the sapphire portion was placed at the center of the hot zone. The 
sample was raised to a temperature of 1100 K over the course of 3 h, then 
held at the temperature for 1 h before any measurements are performed. 
A Thorlabs optical spectrum analyzer (OSA 203B) was precalibrated 
and used to capture the thermal emission spectrum at one end of the 
silica lead fiber from 1.1–2.6  µm, providing a power spectrum in units 
of mW nm−1. This result was numerically integrated to acquire the total 
captured power. For lower temperature measurements, the temperature 
was lowered in 50 K increments and allowed to settle for 5 min at each 
new temperature before acquiring a new spectrum.

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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