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研究成果の概要（和文）：本研究では、これまでに構築した革新的なモード強結合プラズモン積層構造電極にお
ける、光エネルギー変換の量子収率の増大のメカニズムを理解するため、強結合したプラズモン誘起電子移動反
応ダイナミクスを解明しました。金ナノ微粒子のプラズモンを励起すると、金ナノ微粒子から酸化チタンの伝導
帯に移動した電子が赤外波長の吸収を示すことから、中赤外波長の時間分解過渡吸収測定によって界面でのプラ
ズモン誘起電子移動ダイナミクスを解析できました。ホワイトライトフェムト秒時間分解分光測定による時間分
解過渡吸収スペクトルを測定し、モード強結合状態がプラズモン誘起電子ダイナミクスに与える影響を明らかに
しました。

研究成果の概要（英文）：In this study, I focused on the dynamics of plasmon-induced electron under 
the strong coupling conditions. By constructing a Au-NPs/TiO2/Au-film structure with Au-NPs fully 
inlaid inside the TiO2, the strong coupling between the plasmon resonance of Au-NPs and the cavity 
resonance is verified to be strongly determined by the electric field in the cavity. Using this 
coupling strength tunable nanostructures, we studied the electron transfer from Au-NPs to TiO2 as 
well as the electron-electron, electron-phonon coupling of Au-NPs using transient spectroscopy with 
a reflection configuration. We found that under the strong coupling conditions, a higher 
photo-induced electron transfer was observed.  In addition, based on the study of electron-electron 
coupling and electron-phonon coupling of Au-NPs, we found that the electron-electron coupling and/or
 electron-phonon coupling of Au-NPs were modified under the strong coupling conditions.

研究分野： photochemistry

キーワード： transient spectroscopy　strong coupling　electron dynamics　plasmon　cavity

  １版

令和

研究成果の学術的意義や社会的意義
Understanding of the enhanced photochemical reactions in the modal strong coupling system by 
exploring the dynamics of the plasmon-induced electron transfer and the electron-electron, 
electron-phonon coupling will be beneficial for the future development of plasmonic solar energy 
conversion system.

※科研費による研究は、研究者の自覚と責任において実施するものです。そのため、研究の実施や研究成果の公表等に
ついては、国の要請等に基づくものではなく、その研究成果に関する見解や責任は、研究者個人に帰属します。



１．研究開始当初の背景 
Solar-to-chemical energy conversion, especially the water splitting, is one of the most viable solutions for 

sustainable energy resources. Recently, chemically stable, and low-cost TiO2 based solar-to-chemical 

energy conversion system shows remarkable visible light response based on the plasmon-induced 

photochemical reaction, and it has attracted increasing research interests. Very recently, we have 

successfully developed a novel plasmonic thin-film photoelectrode, which consists of Au-NPs/TiO2/Au-

film sandwich structure, for visible to near-infrared broadband light harvesting and efficient water splitting 

reaction. This photoelectrode shows a modal strong coupling between the localized surface plasmon 

resonance (LSPR) of Au-NPs and the cavity mode of TiO2/Au-film. More interestingly, the quantum 

efficiency of water oxidation on this photoelectrode is enhanced under the modal strong coupling conditions 

as compared to the conventional plasmonic photoelectrode. This observation provides an alternative way 

to improve the quantum efficiency of chemical reactions. However, the mechanism underlying the 

enhanced quantum efficiency of water splitting under the modal strong coupling is still uncertain. To further 

understand the mechanism, one of the most important keys is of understanding the dynamics of plasmon-

induced charge carriers under the modal strong coupling conditions.  
 
２．研究の目的 
In this study, a femtosecond pump-probe ultrafast spectroscopy was employed to study the dynamics of the 

plasmon-induced energetic charge carriers under the modal strong coupling conditions. Ultrafast 

spectroscopy is an effective tool to explore the dynamics of plasmon-induced charge separation at the 

interface of the metal nanoparticle/semiconductor. At Au-NPs/TiO2 interface, under the excitation by a 

visible pump, the electrons in Au-NPs transfer to the conduction band of TiO2, and the electrons in 

conduction band of TiO2 absorb the light of an IR probe via intra-band excitation. On the basis of the 

ultrafast measurement, the dynamics of plasmon-induced electrons under the modal strong coupling could 

be measured and a better understanding of the dynamics can feed back to the development of plasmon-

induced chemical reactions. 
 
３．研究の方法 
To explore the dynamics of plasmon-induced energetic electrons, the number of injection and the lifetime 

of plasmon-induced electrons and the ultrafast electron dynamics in Au-NPs will be measured using 

femtosecond transient spectroscopy in a reflection configuration. A wavelength-tunable pump pulse is used 

to excite electron injection from Au-NPs to TiO2 at the wavelength near the resonance peak; an IR pulse or 

white light pulse with a certain delay is used to probe the electrons in the condition band of TiO2 or electron 

dynamics in Au-NPs. Dynamics of plasmon-induced charge carriers in the structure with and without modal 

strong coupling were analyzed to figure out the dynamics of charge carriers modified under modal strong 

coupling conditions.  
 
４．研究成果 

I. Efficient charge separation at coherent plasmon–exciton states 

Efficient absorption of light is an important operational aspect for any strategy aiming to effectively use the 

solar energy. Here we showed that near-perfect energy absorption by coherent light–matter states can be 

realized in a scalable system comprising a monolayer of Au-NPs in direct contact with molecular excitons, 

both interacting with incident light and an optical resonance supported by a Fabry–Pérot (FP) cavity. The 



cavity modifies the radiative rate of the metal nanoparticles, leading to a condition of (near) critical coupling, 

which is manifest by an absorption of >90% of the incident light at the resonant frequencies. In this system, 

we demonstrated that simultaneously exhibits coherent plasmon–exciton interactions and high absorption 

light. 

 

Figure 1. Transient time profile of ATA-PIC (red), ATA (black). 

Under the study of electron injection from Au-NPs into TiO2, we excited the samples using ultrashort laser 

pulses and measured changes in the magnitude of reflectance ΔR of 3500 nm pulses with a controlled time 

delay with respect to the pump pulses. The pump pulses were loosely focused on the sample surface at 

normal incidence. A low incident pump power was used to ensure that the photoinduced electron injection 

processes were linear with the excitation power. Injected transient electron populations in the conduction 

band of TiO2 were characterized by measuring changes in the reflectance of the infrared light pulses. By 

studying the effect of the photo-excitation of coherent plasmon–exciton states on photoinduced charge 

carrier generation, we found that the coherent interaction increases the efficiency of charge separation by a 

factor of about 1.22, as shown in the Figure 1. Further improvements in photoinduced charge transfer could 

be achieved by creating the molecular J-aggregates directly on the surface of the metal nanoparticles. This 

could be achieved through self-assembly approaches, that will place the J-aggregates in areas of intense 

plasmonic near-field, increasing the plasmon–exciton interaction strength. 

II. Water Oxidation under Modal Ultrastrong Coupling Conditions 

In this study, to understand hot-electron injection phenomena under strong coupling conditions with 

extremely high splitting energies, we developed a photoelectrode under an ultrastrong coupling condition 

using Au-Ag alloy nanoparticles/TiO2/Au-film (AATA) structure.  The splitting energies of the AATA and 

ATA structures were calculated as 520 meV and 350 meV, respectively. The large splitting energy of AATA 

indicates that this AATA structure fulfils the ultrastrong coupling condition (ħΩ>0.2 ħω0). Under the 

photoelectrochemical characterizations, the incident photocurrent conversion efficiency (IPCE) of AATA 

was remarkably higher than that of ATA in the visible light wavelength range. The highest IPCE of AATA 

was about 2.4 times larger than that of ATA, and the average IPCE in visible region increased by about 1.7 

times. Moreover, the internal quantum efficiency (IQE) was calculated by dividing the IPCE by 

absorption to determine the charge separation efficiency. We found that the IQE of AATA was higher than 

that of ATA at wavelengths from 420 nm to 900 nm. The IQE enhancements of AATA at the peaks of the 

upper and lower branches (at 580 nm and 700 nm) were 2.4 and 1.6 times, respectively, as compared to that 

of ATA.  

To explore the mechanism of the IQE enhancement on AATA, we performed transient absorption 



measurements of AATA and ATA, as shown in Figure 2a. The maximum ΔOD (ΔODMax) for each 

measurement was estimated by extracting the maximum value of the fitted convoluted function of a second-

order reaction model that occurred near time zero and was plotted as a function of wavelength in Figure 2b. 

Obviously, the electron injection in AATA is much larger than the ATA. One of the reasons for the higher 

electron injection efficiencies of AATA, especially at the upper branch, is the energy distribution of hot 

electrons because of the blueshift of the absorption peak of the upper branch in AATA structure. Additionally, 

Au-Ag NPs present interband energy threshold shift to a more negative potential regarding to Au NPs from 

ultraviolet photoelectron spectroscopy measurement. Both the blueshift absorption and the interband energy 

threshold negatively shift contribute to a part of the higher hot-electron injection efficiency in AATA. In 

addition, the near-field intensity of AATA was calculated by FDTD simulation, which is three times higher 

than that for ATA. This significant near-field enhancement under ultrastrong modal coupling based on the 

larger oscillation strength of Au-Ag alloy NPs also contributes to efficient electron injection from the metal 

NPs to TiO2. 

 

Figure 2. (a), (b) Transient profile of AATA and ATA, respectively. (c), (d) The maximum ΔOD as a 

function of pump wavelength of AATA and ATA, respectively. 

III. Electron-electron, electron-phonon dynamics of Au-NPs under strong coupling 

The ultrafast dynamics of photo-excited electrons, such as the electron-electron scattering, electron-phonon 

scattering, and the interfacial charge transfer at Au-NPs/TiO2 interface should be essential factors for the 

efficient energy conversion in this strong coupling system. Here, we explored the dynamics of photo-

excited electrons in Au NPs and the charge transfer at the interface of Au-NPs/TiO2 under strong coupling 

conditions using femtosecond transient spectroscopy. Substrates consist of TiO2 thin film (~ 170 nm) on 

Au film to form a FP cavity and an Au-NPs layer was inlaid inside the TiO2 thin film. The inlaid position 

of the Au-NPs was designed to tune the coupling conditions between the LSPR of Au-NPs and the cavity 

resonance of TiO2/Au-film. Generally, besides the resonant frequencies overlap between the LSPR and the 

cavity resonance, the local electric field intensity also determines the strong coupling strength. Because the 

electric field distribution in the cavity varies as a function of its location, the strong coupling between LSPR 

and cavity resonance could be controlled by varying the position of Au-NPs layers inside the TiO2 thin film.  

Femtosecond transient reflection measurements were performed to study the dynamics of the electron 

transfer from Au-NPs to the conduction band of TiO2 using a visible pump and IR probe at 2000 nm. The 

pump fluence was set at a range of 2-4 mJ/cm2; the probe fluence was set at a range of several J/cm2. 



Based on this measurement, we observed the electron transfer efficiency as a function of the strong coupling 

conditions, as shown in Fig. 3 a-c. Experiment results show that the transient signal intensity strongly relates 

to its inlaid position, trending to be smaller when approaching the Au-film, Fig. 3d.  A minimum valley 

appears at the Z position around 90-120 nm can be attributed to the weak interaction between LSPR and 

the cavity because electric field amplitude of the cavity resonance is minimized at Z position around 90-

120 nm. However, further experiment is needed to clarify the reason why the transient signal decreases as 

the Z position decreases. We are now planning to combine the electrical measurement to identify the number 

of injection electrons to deepen our understanding on the transient measurements.  

       

 

Besides, transient measurements using a visible pump and white light probe were also carried out to study 

the dynamics of the electron-electron, electron-phonon coupling of the photo-excited Au-NPs. Fig. 4a 

shows a typical transient absorption spectrum at various time delay. Based on the transient absorption 

spectrum, we might extract the lifetime of the photo-excited electron in Au-NPs. Furthermore, we 

controlled the pump light intensity and measured the lifetime as a function of the pump pulse intensity to 

derive the lifetime at 0 pump pulse fluence, as shown in Fig. 4b and 4c. The lifetime of lower branch shows 

a longer lifetime than the upper branch; the lifetime at larger Z positions trends to be longer than the smaller 

Z positions. A physical model based on the time-dependent electron distribution and two-temperature model 

is now developing to explain our observations. 

It is hopeful to further understand the enhanced photochemical reactions in the modal strong coupling 

system by exploring the dynamics of the plasmon-induced electron transfer and the electron-electron, 

electron-phonon coupling after fully analyzing our experiment results, and the understand of the dynamics 

of plasmon-induced charge carriers from the physical insight will be beneficial for the future development 

of plasmonic solar energy conversion system. 

Figure 3. Transient profile of ATA under different 

excitation wavelengths of (a)550, (b) 600 and (c) 

700 nm. (d) Maximum ΔOD near time-zero as a 

function of Z position. 

Figure 4. (a) Transient spectrum of ATA with Z 

position of 60 nm. (b), (c) Decay time at 0 pump 

fluence of ATA as a function of Z position that 

excited at 610 and 710 nm, respectively. The dash 

lines are guide to the eyes. 
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