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A photothermal film (PTF) with densely assembled gold 
nanoparticle-fixed beads on a polymer substrate is fabricated. 
Remarkably, temperature rise higher than 40 °C is achieved in 
the PTF with only 100 seconds solar irradiation, and output 
power of thermoelectric device was enhanced to be one order 
higher than that without PTF. These results will pioneer a 
rapid solar thermoelectric devices. 

Power generation technology using solar energy is expected to 
play an important role in the field of sustainable energy in the 
future. Generally speaking, there are two methods of converting 
solar energy directly into electricity using energy materials: 
through photovoltaic (PV) materials based on the photoelectric 
effect,1 and thermoelectric (TE) materials based on the Seebeck 
effect.2 While the former approach has already been put into 
widespread use, the latter has recently become the focus of 
considerable attention as a cutting-edge research topic. Since the 
conversion efficiency of a TE device is proportional to the 
temperature difference across the device, a key challenge for solar 
TE generation is producing a significant temperature difference 
across a device with a low solar heat flux. A number of studies 
have approached this problem by concentrating solar heat on the 
hot junction of a TE device, using mirrors or lenses to create a large 
temperature difference.3-5 Such a concentration of heat in solar TE 
devices generally requires solar tracking and additional systems, 
increasing the overall system size and complexity. Kraemer et al. 
recently reported the development of a promising solar TE device 
in a flat-panel absorber configuration, and achieved a peak 
efficiency of 4.6 % under AM 1.5G conditions.6 This demonstrated 
a potentially highly-efficient solar absorber and also made a critical 
contribution towards the realization of a cost-effective, highly-
distributed solar TE generation system. 

As a physical mechanism to enhance the absorption of white 
light, the localized surface plasmon (LSP) in a metallic 
nanostructure7,8 has attracted the attention of many researchers in 
various optical technologies and biological science. This is 

because a LSP has a relatively broad optical spectrum with large 
oscillator strength in the visible wavelength region due to the 
nanoscale confinement of free electrons although a bulk metal 
usually shows a high reflection of white light and a weak 
photothermal effect. In the field of PV devices, the strong light 
scattering from a LSP is considered to be a promising mechanism 
for enhancement of the photoelectric effect.9 As regards TE 
devices, the efficient white light absorption by a LSP, which leads 
to heat generation, is a key component in highly efficient solar TE 
applications. Focusing on the collective phenomena of LSPs in 
metallic nanoparticles (NPs), the significantly large broadening of 
the scattering spectrum can be expected to enhance the solar 
absorption due to plasmonic superradiance. This occurs through 
optical assembling of NPs into a two-dimensional plasmonic light 
harvesting system, which was theoretically predicted10 and has 
been experimentally demonstrated.11 Meanwhile, a recent advance 
in the chemical self-assembling method (CSAM) enables us to 
create a three-dimensional assembled structure of a vast number of 
metallic NPs on a plastic bead via binder organic molecules, using 
a low cost and simple mixing method.12 Previously, it was reported 
that a metallic NP-fixed bead (MNFB) fabricated by this CSAM 
exhibits dramatic spectral broadening in the wavelength region, 
ranging from ultraviolet (UV) to infrared (IR) light, and a large 
red-shift in the order of several hundred nanometers if the NP 
density is increased using small binders.13 In addition, a prominent 
spectral modulation of MNFB has been used for application in 
DNA detection under white light irradiation.14 Also, under IR laser 
irradiation, high density metallic NPs can generate a high 
photothermal effect and kill pathogenic cells,15 and a protein was 
detected by laser-induced heat of MNFB.16 However, there were 
no report on the photothermal effect arising from MNFBs being 
used as sunlight absorbers, through a mechanism based on the 
collective phenomena of LSP behaviour under broadband white 
light irradiation.  
Here, in order to pursue the potential use of plasmonic collective 
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phenomena in TE applications, we have fabricated highly-efficient 
broadband photothermal films (PTF) consisting of densely-
assembled MNFBs composed of gold or silver NPs (AuNPs or 
AgNPs). That is, the MNFBs contain AuNP-fixed beads (AuNP-
FBs) or AgNP-fixed beads (Ag NP-FBs) deposited on a 
transparent polymer film through a simple drop-and-dry method. 
We then investigated the photothermal effect of the fabricated 
PTFs and the potential application of the broadband PTF in a TE 
conversion system. 

A polyethylene naphthalate (PEN) film (Teonex®, Q65F, Teijin-
DuPont Films, Japan) was used as a transparent substrate 
(thickness: 100 μm, dimensions: 4 × 4 cm2, cut from a large film) 
after washing with ethanol and drying with blowing nitrogen gas. 
Then, 2 mL of a MNFB aqueous suspension (AuNP-FB: ~300 Au 
NPs of approximately 37.5 nm diameter or AgNP-FB: ~8000 Ag 
NPs of approximately 7.4 nm diameter, on acrylate resin beads of 
400-nm diameter) with 11-amino-1-undecanethiol13,14 (2.49 × 1010 
beads/mL) was uniformly painted on the PEN film using a 
micropipette on a 3 × 3 cm2 region of two sheets of PEN film, 
without masking tape. The films were then naturally dried for a 
period of about 12 h in a vacuum desiccator. After drying, these 
films were pasted together at the painted regions by applying 
double-stick tapes at the two sides. A schematic image of a 
completed PTF can be seen as part of Figure 1 (a). Also, in order 
to investigate the surface conditions of the PTFs, a scanning 
electron microscope (SEM) was used and it was confirmed that a 
vast number of AuNP-FBs or AgNP-FBs were densely and 
uniformly assembled on a PEN film coated with a thin conductive 
layer of indium tin oxide (ITO), respectively (Figure 1 (b) and (c)). 
The photothermal properties of our developed PTFs were 
determined using a solar simulator (XES-40S1, San-Ei Electric, 
Japan) that can generate artificial sunlight of 1SUN (100 mW/cm2), 
at AM 1.5 G, while the temperature of the PTF surfaces were 
measured using a thermocouple connected to a digital multimeter 
(7352A, ADCMT, Japan). In order to measure the pure 
photothermal effect from the PTFs while avoiding heat dissipation 
into the sample stage, the experimental set up was constructed 
using a homemade transparent plastic framework (lower panel in 
Figure 1(a)). 

First, the extinction spectra of the AuNP-FB and AgNP-FB 
aqueous suspensions, and those of the single AuNPs and AgNPs 
before fixation, were observed using a UV–vis spectrophotometer 
(UV-2400-PC; Shimadzu, Japan). The results can be seen in Figure 
2 (a). For both the AuNP-FB and AgNP-FB cases, we have 
confirmed very wide extinction spectra with long tails into the IR 
region, which can be compared with the spectra of the single 
AuNPs and AgNPs suspensions (before fixation onto the plastic 
beads). Such a spectral broadening arises from the multipole 
superradiance of LSPs13 in densely assembled metallic NPs, which 
can be understood from theoretical analysis of the discrete integral 
method with spherical cells (DISC) and the solution of the relevant 
Maxwell equations.  
In particular, we measured time dependence of the temperature at 
the surface of a PTF with AuNP-FBs and a PTF with AgNP-FBs 

Figure 1. (a) Schematic of experimental setup for determining 
photothermal effect of metallic nanoparticle-fixed bead (MNFBs) 
with solar simulator. (b) Scanning electron microscope (SEM) 
image of Au NP-fixed beads (AuNP-FBs) on transparent polymer 
substrate after drying. (c) SEM image of Ag NP-fixed beads 
(AgNP-FBs) on transparent polymer substrate after drying. 

 
under artificial sunlight irradiation, where the initial temperature 
was set to 25 °C  (Figure 2 (b)). The same process was repeated for 
a PTF with single AuNPs (density in the initial suspension: 6.38 × 
1011 NPs/mL) and, as a reference, the PEN film with no metallic 
particles and with black body tape. The results of all five cases are 
shown together in Figure 2(b). In order to investigate the heat 
dissipation effect, the temperature of each PTF after the irradiation 
stopped was also plotted, where the decay can be approximately 
explained by Newton's law of cooling if the thermal equilibrium is 
realized. The most notable point is that the temperature of the PTF 
with the AuNP-FBs reached a peak value of 68.4 °C (temperature 
change, ΔTAuNP-FB = 43.4 °C) after 100 s under artificial sunlight 
irradiation, which is higher and faster than the temperature rise of 
asphalt on a road under strong sunlight in midsummer as, typically, 
a period of approximately 2 h is required for asphalt to reach a 
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temperature of approximately 60 °C.17 Also, it has been confirmed 
that the maximum temperature and speed of temperature rise of 
PTF with AuNP-FBs is higher and faster than those of PTF with 
commercial black body tape (XI003B, Yokogawa, Japan) during 
100 s irradiation.  

Figure 2. (a) Extinction spectra of aqueous suspensions of AuNP-
FBs, single AuNPs before fixation on plastic beads, AgNP-FBs, 
and single AgNPs before fixation on plastic beads. (b) Irradiation 
time dependence of temperature of PTFs with AuNP-FBs, AgNP-
FBs, single AuNPs, no metallic NPs (Reference (i)), and black 
body tape (Reference (ii)). The average value of 4 measurements 
was taken for the respective samples, and the standard deviation of 
the temperature was less than 1.0 °C. (c) (upper) Observed 
temperature changes of PTFs with AuNP-FB and AgNP-FBs and 
(lower) Calculated temperature changes of PTFs without heat loss 
by the theoretical method in Ref. 13.  

 

 In the case of the PTF with AgNP-FBs, the peak temperature was 
slightly lower, at approximately 61.8 °C (ΔTAgNP-FB = 36.8 °C). The 
final temperatures of the single AuNPs was 50.0 °C (ΔTAuNP = 
25.0 °C), while that of the reference PEN film was 32.8 °C (ΔTREF 
= 7.8 °C). It is worth noting that a previous report using Ag 

nanocubes and nanoplates mixed on a substrate showed a 
temperature rise of only 8 °C even after an irradiation period of 30 
minutes, which was measured by IR temperature detector18. 
Returning to our results, our developed PTF with AuNP-FBs 
exhibited ΔTAuNP-FB = 29.35 °C even on the TE device after 30 
minutes irradiation (ΔTAuNP-FB gets lower due to the heat 
dissipation to the surface of TE device), which was directly 
measured using a thermocouple connected to a digital multimeter. 
This result, therefore, indicates that our developed PTF would be 
much more superior to the previous one18. In addition, it was 
confirmed that the temperature rise ratio (subtracting the reference 
value) was (ΔTAuNP-FB - ΔTREF)/(ΔTAgNP-FB - ΔTREF) = 7.73/ 4.63 ≈ 
1.67 at 10 s as the initial stage without dissipation, but (ΔTAuNP-FB 
- ΔTREF)/(ΔTAgNP-FB - ΔTREF) = 35.6/ 29.0 ≈ 1.23 at 100 s as the final 
stage. Meanwhile, the ratio of integral values of extinction spectra 
(from 300 nm to 800 nm) of AuNP-FBs and AgNP-FBs is 
approximately 1.67 in Figure 2(a). This value seems to be close to 
the initial temperature rise ratio when the heat dissipation is 
negligible, whereas it would depend on the difference of 
dissipation in AuNP-FBs and AgNP-FBs at the final stage of light 
irradiation. Although the factor of dissipation is complex, these 
values seem to be consistent. In the case of a PTF with single 
AuNPs, the final temperature was much lower than that for both 
the AuNP-FB and AgNP-FB PTFs, even though the AuNP density 
was the highest under the condition without binder molecule-
mediated CSAM. From these results, we can conclude that the 
observed enhancement in the broadband white light absorption, 
arising from the collective interaction of LSPs in the respective 
MNFBs, induced prominently high and rapid temperature rise. In 
Figure 2 (c) (upper), the temperature change of PTFs with AuNP-
FBs or AgNP-FBs was plotted in comparison with the value of the 
reference (i). Also, in Figure 2 (c) (lower), by the overlap integral 
of solar spectrum and extinction spectrum of AuNP-FBs or AgNP-
FBs but neglecting the heat dissipation effect, the temperature 
change of PTFs was theoretically evaluated as 117.0 °C 
corresponding to ΔTAuNP-FB - ΔTREF or 41.0 °C corresponding to 
ΔTAgNP-FB - ΔTREF, respectively (the extinction as a sum of the 
absorption and the scattering was used since the both factors would 
affect on the enhancement of heat). The calculation conditions 
were similar to those in experiment but the heat dissipation was 
neglected in order to estimate the maximum value during 100 s 
irradiation (specific heat of typical polymer film ~1.0 J/gK was 
used). These values are higher than experimental ones and indicate 
the further enhancement if the heat loss can be suppressed by 
selecting a material of substrate and so on.  

Next, we investigated the possibility of utilizing PTFs with 
MNFBs in solar TE device applications. Figure 3 (a)-(c) presents 
a schematic illustration and photographs of our PTF-TE device. 
Five types of films: AuNP-FBs, AgNP-FBs, single AuNPs, and the 
reference films (i) with no metallic NPs and (ii) with black body 
tape, with an active area of ca. 3 × 3 cm2 were mounted on a 
ThermoGenerator-Package (TGP) (TGP-651, Micropelt Co. Ltd., 
Germany) with thermal conductive Si grease (YG6260, 
Momentive Performance Materials Japan LLC, Japan). The TGP-
651 was comprised of a TE device (MPG-651, Micropelt Co. Ltd., 
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Figure 3. (a) Schematic illustration of solar thermoelectric device 
based on plasmonic collective phenomena. (b) Structure of PTF-
TE device. (c) Photograph of PTF-TE device showing side view 
(left lower inset: top view). (d) Power generation properties after 
5-min simulated sunlight irradiation of PTF-TE devices using 

AuNP-FBs, AgNP-FBs, single AuNPs, and a reference films (i) 
with no metallic NPs and (ii) with black body tape, as a PTF. The 
average values of 4 consecutive measurements per one base current 
are shown. Error bars are omitted because they were smaller than 
the symbols shown. 

Germany), aluminium laminate with a ring isolator, and a printed 
circuit board (PCB). The length, width, and thickness of the TGP-
651 were 15.0, 10.0, and 9.3 mm, respectively. The MPG-651 was 
composed of 286 pairs of p-n elements and had a top-side cross 
sectional-area, bottom-side cross sectional-area, and thickness of 
ca. 2.5 × 2.5 mm2, 3.375 × 2.5 mm2, and 1090 m, respectively. 
Measurement of the power generation properties, in which the 
current-voltage (I-V) properties and output power (P) were 
obtained, were carried out in air by changing the load resistance 
using an electronic load system (low voltage source meter, 
Keithley 2401, Keithley Instruments Inc., USA) The load 
resistance was adjusted after 5 min artificial sunlight irradiation of 
1 SUN, at AM 1.5 G. Figure 3(d) shows the power generation 
properties of the PTF-TE device using either the AuNP-FBs, 
AgNP-FBs, single AuNPs, or the reference films (i) and (ii) as the 
PTF. The resistance (R), open circuit voltage (Vo), maximum 
output power (Pmax), and maximum output power density (P’max), 
are listed in Table S1 (see Electronic Supplementary Information). 
Vo increased in the following order: reference with no metallic NPs, 
single AuNPs, AgNP-FBs, reference with black body tape, and 
AuNP-FBs. According to the Seebeck effect, the temperature 
difference between a TE device should be proportional to the 
generated voltage, therefore, this result demonstrated that a PTF 
with higher performance led to a TE device of higher voltage. Pmax, 
defined as V2/R, also relative to the voltage, and the AuNP-FBs 
sample showed the highest Pmax (0.088 mW), which was one order 
higher than the reference value (0.004 mW). The corresponding 
P’max value, which is defined as the Pmax per unit area of the 
bottom-side cross-sectional area of the TE device, was 1.04 mW 
cm-2. These results indicate that the differences between the 
temperature rise of the AuNP-FBs, AgNP-FBs, single AuNPs, and 
reference films (i) and (ii) in Figure 2 (b) were clearly reflected in 
the TE measurement, even after a long period of irradiation by 
artificial sunlight. This fact is promising for PTF design based on 
controlling the collective effects of LSPs, which depends on the 
metallic NP density, and will constitute a significant advantage as 
regards the development of rapid and flexible next-generation solar 
TE devices. 
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