
HAL Id: hal-02373320
https://hal.sorbonne-universite.fr/hal-02373320

Submitted on 11 Dec 2023

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépôt et à la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche français ou étrangers, des laboratoires
publics ou privés.

Nanoscale thermal characterization of high aspect ratio
gold nanorods for photothermal applications at λ = 1.5 µ

m
Hengyang Xiang, Hung-Ju Lin, Tingting Niu, Zhuoying Chen, Lionel Aigouy

To cite this version:
Hengyang Xiang, Hung-Ju Lin, Tingting Niu, Zhuoying Chen, Lionel Aigouy. Nanoscale thermal
characterization of high aspect ratio gold nanorods for photothermal applications at λ = 1.5 µ m.
Journal of Applied Physics, 2019, 125 (16), pp.163101. �10.1063/1.5088944�. �hal-02373320�

https://hal.sorbonne-universite.fr/hal-02373320
https://hal.archives-ouvertes.fr


_____________________________ 

 

a) Electronic mail: zhuoying.chen@espci.fr 

b)  Electronic mail: lionel.aigouy@espci.fr 

 

Nanoscale thermal characterization of high aspect ratio gold 

nanorods for photothermal applications at  = 1.5 µm 

 

Hengyang Xiang,1 Hung-Ju Lin,1 Tingting Niu,1 Zhuoying Chen,1,a) and 
Lionel Aigouy 1,b) 

 

1LPEM, ESPCI Paris, PSL Research University, Sorbonne Universités, CNRS, 10 rue Vauquelin, 75005 

Paris, France  

 

We synthetized gold nanorods that present a high aspect ratio (> 10) and possess a surface 

plasmon resonance in the near-infrared, in the 1300 ‒ 1600 nm spectral range. Using a single 

Er
3+

-doped NaYF4 nanocrystal deposited on their surface, we measured the temperature increase 

of a few nanorods excited at their surface plasmon resonance wavelength. We observed a 

temperature increase of more than 30 °C for an excitation power density of 3 mW / µm
2
. This 

experiment shows that a very small amount of nanorods can be used for obtaining an intense and 

localized photothermal effect. Applications can be found in the design of inexpensive infrared 

photodetectors and photothermal therapy in the third biological window. In addition, the 

association of gold nanorods to an Er
3+

 doped nanocrystal constitutes a very interesting hybrid 

heater/temperature sensor. 

 

 

I. INTRODUCTION 

There has recently been an enormous research effort devoted to the chemical synthesis of gold 

nanostructures and to the study of their optical properties. This interest comes from the presence 

of localized surface plasmon resonances (LSPR), i.e. collective oscillations of conduction 

electrons, which give them very special characteristics. When excited at their resonance by 

incident light, these nanostructures possess an enhanced and localized electromagnetic field, and 

a strong absorption and scattering peak.
1,2

 They found applications in many domains including 
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catalysis,
3,4

 imaging and biosensing,
5-9

 solar cells and light emitting devices,
10-12

 data storage and 

magnetic recording,
13

 thermo-plasmonics and photothermal therapy.
14-18

 In the case of 

photothermal applications in the field of medicine, the strong absorption that occurs when they 

are excited at their resonance induces a local heating that can help to treat and cure tumors. For 

that, it is often suitable to excite between 700 and 900 nm because radiation is weakly absorbed 

by the tissues in this spectral range.
15,17,18

 Other biological windows, located between 1000 and 

1370 nm and between 1500 and 1870 nm are also interesting to exploit because the light 

penetrates better into certain tissues at these wavelengths.
19-22

 Note that thermo-optical processes 

were also studied on thin gold films supporting surface plasmons in the years 2000,
23-26

 in 

various domains such as optoelectronics and microfluidics, thus pioneering the work on 

nanostructures like nanospheres and nanorods.
 

Among the different nanostructures that can be used for such photothermal applications, 

nanorods (NRs) exhibit very interesting properties. Due to their elongated shape, they possess 

two resonances, one is transverse and is oriented along their short axis (T-LSPR), and the other is 

longitudinal, oriented along their long axis (L-LSPR). The spectral position of the L-LSPR 

depends on several parameters like the dielectric environment, and the aspect ratio (AR) which 

represents the length divided by the width of the rod.
27-30

 For Au NRs, the L-LSPR can be tuned 

from the visible ( = 650 nm) for an AR of 2 up to the near-infrared (above  = 1500 nm) for an 

AR > 10 which make them usable in all biological spectral windows. Up to now, their 

photothermal properties and their thermal characterization have mainly been studied at an 

excitation between 650 and 1000 nm.
31-35

 

In this article, we present a study of the temperature increase of Au NRs excited at 1.537 µm, 

which roughly correspond to the third biological window.
21,22

 We will show that a few NRs can 
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produce a local temperature increase of several tens of degrees, making them very efficient 

heaters in this wavelength range. The temperature elevation is measured using a single 

fluorescent Er
3+

-doped NaYF4 nanocrystal (NC) as a nanothermometer deposited at specific 

locations on the surface with a nanomanipulation system. An interesting aspect of this 

configuration is that the near-infrared (NIR) laser used for heating the Au NRs is the same than 

the one that excites the fluorescence of Er
3+

 ions. This very simple mode of operation makes the 

combination Au NRs / NaYF4:Er
3+

 NC a very powerful and versatile heater / temperature sensor. 

Note that fluorescent nanocrystals or molecules have already been used recently to determine the 

temperature of other types of Au nanoparticles, but only in the visible/NIR wavelength range, 

and on a large amount of nanostructures. This includes NaGdF4:Er/Yb coupled to Au NRs,
35

 

(Gd,Yb,Er)2O3 NRs,
36

 NaYF4:ErYb NCs
37

 coupled to Au nanoparticles, core shell structures 

Au/SiO2/Na(YGd)F4:Er/Yb,
38,39

 CdSe quantum dots dispersed in solution with various Au 

nanostructures,
31

 and fluorescent molecules.
40,41 

 

II. Experimental and computational details 

 

A. Synthesis and characterization of Au nanorods  

Colloidal Au NRs were synthetized using a modified silver-assisted seed-mediated growth 

method.
30,42

 Details of the synthesis can be found in the supplementary material. We show in Fig. 

1(a) the absorption spectrum of gold NRs deposited on a glass (SiO2) substrate. As shown in the 

transmission electron microscope (TEM) image in the inset, they have a diameter d = 8.5 ± 1.2 

nm and a length D = 94.1 ± 9.8 nm which gives an AR between 10 and 13. The absorption 

spectrum exhibits a broad peak between 1100 and 1600 nm which corresponds to the L-LSPR of 
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the rods whereas the smaller peak below  = 600 nm corresponds to the resonance of unwanted 

spherical Au particles also formed during the synthesis. The broadness of the L-LSPR peak is 

likely due to the inhomogeneous size distribution of the NRs, and possibly to NRs aggregation as 

they were deposited on a substrate. All these effects tend to enlarge the global resonance on a 

500 nm wide spectral window. The position of the L-LSPR peak is also in good agreement with 

other measurements recently performed on NRs with similar large AR.
29 

 

 

Figure 1: (a) Normalized absorbance of Au NRs spin-coated on a SiO2 substrate. Inset: TEM 

picture of the NRs. They have an AR of 10-13, and a L-LSPR peak between 1100 and 1600 

nm; (b) FDTD calculation of the absorption cross-section of isolated Au NRs on a SiO2 substrate 
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as a function of their AR. Their diameter was fixed to 8 nm, and their length is varied between 

80 and 110 nm. 

 

B. Numerical simulation details  

To check the spectral position of the L-LSPR, we calculated by finite difference time domain 

(FDTD) the absorbance of Au NRs of different AR deposited on a SiO2 substrate. The 

simulations were performed using Lumerical commercial software.
43

 For the calculation, the Au 

NRs are placed on a SiO2 substrate and are supposed to be isolated from each other. We consider 

that the incident source is a polychromatic plane wave, from 500 nm to 1700 nm, and polarized 

along the long axis of the Au NR. For the simulation region, the space-mesh size we applied is 1 

nm in order to balance our calculation time and geometry description of these nanostructures. As 

shown in Fig. 1(b) the peak position is found to be in the same wavelength range than in the 

experiments, i.e. between 1300 and 1700 nm for an AR between 10 and 13. Note that if NRs are 

separated by only a few nanometers or even if they are in mechanical contact with each other, 

near-field coupling effects may appear and could shift the resonance furthermore toward the 

NIR.
44

 This means that NRs of smaller AR could have their resonance in the same wavelength 

range, and thus also contribute to the wide experimental absorbance spectrum of Fig. 1(a). 

 

C. Synthesis of Er3+ doped NaYF4 fluorescent nanocrystals  

NaYF4 NCs doped with Er
3+

 ions were synthesized by modifying the typical hydrothermal 

method described in ref 45. The relative composition was 85% of Y and 15% of Er. The 

nanocrystal had an hexagonal phase and their diameter was around 230 nm. Details of the 

synthesis can be found in the supplementary material. 
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D. Thermal and fluorescence experimental setup  

The experimental set-up for measuring the luminescence of Er
3+

-doped NaYF4 NC is shown in 

Fig. 2(a). Excitation was performed with a continuous-wave infrared laser diode ( = 1537 nm) 

focused on the surface in a transmission mode on a 2 µm wide spot. After absorption by up-

conversion, the laser radiation is emitted by luminescence in the visible range. The sample was 

set on a piezo-electric scanning stage (PI) for scanning. The fluorescence was collected by a 

large numerical aperture (NA) objective (Olympus, x100, NA = 0.8) and sent to a spectrometer 

(Jobin-Yvon, Triax) connected to a nitrogen-cooled CCD camera (Jobin-Yvon, Symphony). 

During a scan, a luminescence spectrum was measured at every position of the laser on the 

surface. The acquisition time was set to 1 s per point. And the sample scanning and spectrum 

measurements were synchronized and driven with a homemade Labview program. 
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Figure 2: a) Experimental set-up for fluorescence measurements, b) energy band diagram and 

simplified energy transfers in Er
3+

 ions excited at 1537 nm, c) luminescence spectra of NaYF4: 

Er
3+

 NC at 25°C, 49.5°C and 79.2°C. The inset shows the evolution of ln(I1/I2) as a function of 

the inverse temperature. 

 

E. Temperature dependence of luminescence and calibration 

The band diagram describing the energy transfers
46

 and a room temperature (RT, TRT  298 K) 

luminescence spectrum of the NaYF4:Er
3+

 NCs excited at  = 1537 nm are shown in Fig. 2(b) 

and 2(c) respectively. In our case, we are interested in two particular emission lines, located 

between 510 nm and 532 nm (green), and between 532 nm and 560 nm (yellowish-green). The 

green line, further referred as I1, comes from the transition from the excited 
2
H11/2 state to the 

4
I15/2 state. The yellowish-green line, 5 times more intense at room temperature than the green 

one, and further referred as I2, comes from the de-excitation from level 
4
S3/2 to the ground state. 

The infrared excitation is non-linear and involves the absorption of several photons. However, 

the emitted luminescence intensity does not exactly scale as P
n
 where n is the number of photons 

(n = 3 in the case of green emission) but rather as  P
1
. This behavior has been studied recently 

and is explained by the relative difference between the decay rates of the intermediate and final 

energy levels during the up-conversion process.
47,48

 It also depends on the power used for the 

excitation. Here, we are mostly concerned with the temperature dependence of the NC 

luminescence. Peaks I1 and I2 are linked to two transitions whose excited energy levels are in 

thermal equilibrium.
49-54

 When the temperature increases, 
4
S3/2 depopulates in favor of 

2
H11/2, and 

this causes a relative decrease of I2 with regard to I1. The ratio I1/I2 is linked to temperature by 

the following relation:
49-54 



8 

 

 

  
  
                             (1) 

 

where A and B are constants, T is the temperature in K, and I1 and I2 are the intensities integrated 

in the ranges [510-532] and [532-565]. From the intensity ratio of these peaks, and after a proper 

calibration, it is possible to retrieve the absolute temperature of the NCs. The evolution of the 

luminescence as a function of T is shown in Fig. 2(c). For this calibration, the NCs were spin-

coated on a Si substrate placed on a Peltier stage whose temperature was regulated and measured 

using a Pt100 thermoresistor. In that case, the laser excitation was achieved in the reflection 

mode at oblique incidence (not represented here). The evolution of ln(I1/I2) as a function of 

1000/T is given in the inset of Fig. 2(c). We fitted the experimental data with eq. (1) and 

determined the value of parameters A and B. A is a constant that depends on the environment 

near the NC and also on the excitation power. It requires to be slightly adjusted every time the 

sample or the power is changed. More information about the influence of the excitation power is 

given in the supporting information. B is the important parameter which rules the temperature 

dependence of luminescence. It is linked to the energy separation between the two peaks. From 

the fit shown in the inset of Fig. 2(c), we found A  10.1 and B = 1170  100 K, in agreement 

with previous studies with similar Er
3+

-doped NCs.
54,55
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Figure 3: a) SEM picture of Au NRs deposited on SiO2 substrate, b) SEM picture of the same 

zone after the deposition of two luminescent NaYF4: Er
3+

 NCs on the surface. NanoA is on the 

NRs and NanoB is 5 µm away from them. 

 

F. Sample fabrication 

In order to study the photothermal properties of Au NRs and their heating capabilities at this 

excitation wavelength, we fabricated a sample made of only some tens of NRS concentrated in a 

small region on the SiO2 substrate. To measure their temperature elevation following an external 

laser illumination, we used a single NaYF4:Er
3+

 NC as a sensor deposited on their surface. A 

scanning electron microscope (SEM) image of the rods prior to the NC deposition is shown in 

Fig. 3(a). The NRs are grouped in a 200 nm wide line. They are not oriented in the same 

direction although some of them are parallel and in contact with each other’s. In Fig. 3(b), we 

show the same NRs after the deposition of two NCs, deposited with a nanomanipulation 

system.
56

 One NC (furthered referred as NanoA) was directly placed on the NRs and the other 

(further referred as NanoB) was positioned 5 µm away on the SiO2 surface. The role of NanoB 

is to act as a reference thermometer, insensitive to plasmonic heating. 

 

III. Results and discussion 
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Figure 4: a) Luminescence map around NanoA and NanoB in the I1 spectral region, b) 

luminescence map of the same zone in the I2 spectral region, c) SEM picture of the scanned 

zone, d) cross-sections extracted from a) and b). The excitation power density was 2 mW / µm
2
. 

The scale bar is 2 µm. 

 

The surface was excited with the configuration shown in Fig. 2. By moving the sample, we first 

scanned an area of 6 × 10 µm
2
 that includes NanoA and NanoB. We show in Fig. 4(a) and 4(b) 

the measured luminescence maps for an excitation power density of 2 mW / µm
2
. The maps 

exhibit two bright spots corresponding to NanoA and NanoB [see the SEM picture in Fig. 4(c)]. 

Their size is limited by the diameter of the incident laser spot on the surface. Cross-sections 

extracted from the images are shown in Fig. 4(d). Luminescence was separated and integrated 

into two spectral zones, corresponding to I1 and I2. The intensity of I1 is around 5 times smaller 

than I2. From these images, we can see that Nano A and Nano B have roughly the same intensity 
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in the I1 spectral range. On the other hand, the intensity of NanoA in the I2 spectral range is 

reduced compared to NanoB [see the red arrow in Fig. 4(d)]. This different behavior is an 

evidence of the heating induced by NRs located under NanoA. After absorption of light, the NRs 

transfer their heat to NanoA and this induces a relative decrease of I2 compared to I1. By dividing 

the image of Fig. 4(a) by the one of Fig. 4(b), we can map the ratio I1/I2 and convert it to a 

temperature scale using (1). The resulting temperature map and cross-sections are shown in Fig. 

5(a) and 5(b). For clarity, the zones in which there were no luminescence (outside NanoA and 

NanoB) were eliminated. The temperature of NanoA is found to be around 322 K whereas it 

remains near room temperature for NanoB. We also measured the temperature elevation of 

NanoA as a function of the laser power density without moving the sample [see Fig. 5(c)]. More 

details regarding the temperature determination are given in the supplementary information. For 

a power density close to 3 mW / µm
2
, we observed that T increases up to 332 K, i.e. T = 34 K 

with respect to RT. 
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Figure 5: a) temperature map around NanoA and NanoB for an excitation power density of 2 

mW / µm
2
, b) cross-section extracted from a) showing the temperature increase of NanoA, c) 

evolution of the temperature of NanoA as a function of the power density. The scale bar in (a) is 

2 µm. Room Temperature is around 298 K. 

 

It would be interesting to determine the temperature from numerical simulations and to compare 

it to the measured value. However, this seems to be very difficult due to the complexity of the 

experimental configuration. Modeling would be possible with a simple analytical model such as 

the one described in ref. 14 if a single NR was illuminated. But in our case we have to deal with 

several NRs very close to each other and all of them contribute to the heating collectively. A 

more sophisticated model described in ref. 57 allows to handle several plasmonic nanostructures 

deposited on a surface, but they have to be separated by a certain distance to avoid strong 

coupling. In our case, such model is not valid because the NRs are separated by only a few 

nanometers (see Fig. 3) and near-field coupling effects which can change the absorption cross 

section may occur. Finally, there is a possible temperature difference between the NRs and the 

NC because the heat transfer channels are not fully efficient. One of them is achieved by direct 

contact between the two bodies and the other one occurs through the air gap in the interstices 

between the NRs and the NC or laterally by the sides. The relative importance of such channels 

depends on the size of the interstices, and on the roughness of the interfaces. The presence of a 

thermal resistance between the two bodies can also alter the efficiency of the heat transfer by 

direct contact. These issues are well known in nanothermics and in scanning thermal microscopy 

where the measured temperature is the one of the probe, not that of the sample.
58

 For determining 
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the real temperature of the NRs, more complex simulations, made by a finite element method, 

are necessary, but are not the scope of this article. 

 

IV. Conclusions 

We investigated the photothermal properties of high aspect ratio Au NRs (AR >10). They 

possess a L-SPR in the near-infrared region near 1.5 µm, and can be easily excited with a low-

cost IR laser diode. We measured the temperature elevation of a few NRs by depositing a single 

Er
3+

 doped NaYF4 nanoparticle on their surface. At a power of 3 mW / µm
2
, we measured a 

temperature elevation of 34 K which shows the good capabilities of such nanostructures for 

achieving a local heating at this excitation wavelength. Applications can be found in the domain 

of photothermal therapy in the third biological window, or for designing inexpensive near-

infrared detectors that use photothermal effect. The association nanorod/nanocrystal constitutes 

also a very efficient heater/temperature sensor. In order to gain in sensitivity and temperature 

accuracy, it would be interesting to use smaller luminescent nanocrystals directly chemically 

attached to nanorods for ensuring a good thermal transfer. 

 

Supplementary material 

See supplementary material for details regarding NRs and NCs synthesis, for temperature 

calibration procedures, and for a comparison with other measurements on similar structures. 
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