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Abstract: 

By using a model interface consisting of a metallic grating and zinc phthalocyanine (ZnPc) 

molecules, we temporally and spatially resolve the energy transfer process from plasmon to 

molecular exciton via the plasmon-induced resonance energy transfer (PIRET) mechanism.  It is 

found that the energy transfer can occur within 30 fs for a distance of 20 nm. The energy transfer 

range is much larger than that of typical hot carrier transfer and molecule-to-molecule energy 

transfer processes. Hence, this ultrafast and long-range plasmon-induced energy transfer channel 

is especially useful for boosting the exciton/free carrier generation yield in semiconductor layers. 

Moreover, the enhancement in the exciton production yield does not diminish even when the 

photon energy is lowered towards the optical absorption edge of ZnPc. Therefore, the observed 

energy transfer process can extend the optical absorption to frequencies below the optical bandgap 

of the molecule. 
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Introduction 

In thin film optoelectronic devices, metallic nanoparticles are often used to increase the 

carrier/exciton generation in the photo-active layer through the excitation of surface plasmon at 

the surface of the nanoparticle. Surface plasmon can enhance the charge/exciton generation yield 

in a nearby semiconductor layer via several mechanisms. First, sub-wavelength nanoparticles are 

strong scatterers that can trap light into a very small volume, which significantly enhance the 

optical absorption in nearby semiconductor.1-2 Indeed, this light trapping mechanism is commonly 

used to enhance the light absorption in thin film photovoltaics.3-4 Second, charges can be harvested 

from surface plasmons through hot electron and hot hole transfers.5-8 Plasmon relaxation generates 

hot electrons and holes in the metal, which can then inject into a nearby semiconductor to produce 

long-lived free electrons and holes. Third, if the semiconductor is excitonic in nature (e.g. organic 

materials, 2D materials, quantum dots), energy transfer can occur from the metal to the 

semiconductor via the coupling between the plasmon’s collective dipole moment and the exciton’s 

transition dipole moment.9-14 If the plasmon-exciton coupling is strong enough, a hybrid state of 

plasmon and exciton can be formed, which allows ultrafast energy transfer between plasmons and 

excitons on an extremely short timescale (~ 10 fs) before the plasmon dephases.15 Because the 

plasmon and hot carrier lifetimes are typically short (~ 10 – 100 fs),16 the ultrafast plasmon-induced 

resonance energy transfer (PIRET) process provides a viable pathway for harvesting energies from 

the plasmon. More interestingly, the quantum mechanical PIRET process can produce excitons in 

the semiconductor even with the absorption of sub-bandgap photons.10, 12 Harvesting sub-bandgap 

photons not only can broaden the spectral response, but it can also break the Shockley-Queisser 

limit in photovoltaics through a similar mechanism employed in intermediate-band solar cells.17 
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Despite of the interesting physics of the PIRET, its impact is often masked by other light 

enhancement mechanisms that produce similar outcomes. Hence, PIRET or, more generally, the 

energy transfer induced by the strong plasmon-exciton coupling is a rather elusive process.9-10, 18 

The extremely fast energy transfer process (~ 10 fs) also makes probing its dynamics challenging. 

Without unveiling the transfer dynamics, it is difficult to predict how different plasmon-induced 

energy and charge transfer pathways, and relaxation/dephasing processes would compete with 

each other. In this work, we use a model system that consists of a metallic grating and a commonly 

used organic semiconductors, zinc phthalocyanine (ZnPc), to study the energy transfer from 

surface plasmon polaritons (SPP) to exciton. Most works on energy transfer between plasmon and 

molecular exciton probe the plasmon-exciton coupling spectroscopically in the frequency 

domain.13, 19-20 Here, we employ time-resolved two-photon photoemission spectroscopy (TR-

TPPE) to measure the ultrafast energy transfer process from the SPP to molecular exciton in the 

time domain.  The surface sensitive nature of the photoemission probe further allows us to 

determine the energy transfer distance in addition to the dynamics. We found that the SPP transfers 

its energy to ZnPc molecules in the first ~ 30 fs after photoexcitation for a distance of ~ 20 nm.  

The observed transfer range is much longer than that of typical hot-electron transfers (~ a few 

nm7), which can be attributed to the long decay length of the plasmonic field. By varying the 

photon energy from the peak to the edge of the ZnPc’s absorption peak, we demonstrate that the 

exciton generation yield can be enhanced by a factor of ~ 3 - 4 throughout the spectral range, even 

at a photon energy ~ 0.2 eV lower than the ZnPc’s optical bandgap. Hence, the process can be 

tuned to extend the spectral range for the absorption below the molecule’s bandgap. The ultrafast, 

long-range PIRET makes it a desirable channel for energy harvesting.   

Experimental Method 
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Sample preparation. A commercial reflective diffraction grating (Thorlabs, GR13-0605) 

with 600 lines/mm and Al as the metallic layer was used to generate the SPP. The grating was 

outgassed at 100 °C for 16 hours in an ultrahigh vacuum (UHV) chamber with a base pressure of 

1 × 10-9 Torr. Then, ZnPc molecules (Luminescence Technology, >99%) was thermally 

evaporated onto the grating (with a size of 1 cm × 1 cm) in the UHV chamber at room temperature. 

The deposition rate was kept at 0.7 – 0.8 Å/min. The thickness of the ZnPc was monitored using 

a quartz crystal microbalance. After the ZnPc deposition, the sample was transferred to the 

photoemission chamber where the photoemission experiments were performed. The base pressure 

of the photoemission chamber is around 8 × 10-11 Torr.  

TR-TPPE spectroscopy. TR-TPPE spectroscopy was used to measure the energy and 

population of excited electrons in the sample, which enables us to probe the energy transfer 

process. The sample was excited by 25-fs pump pulses with its central wavelength varied from 

660 nm to 780 nm. For the photoemission probe, 65-fs probe pulses with a wavelength of 270 nm 

were used to ionize the excited electron. The kinetic energy of photoelectrons was measured using 

a hemispherical analyzer equipped with an imaging detector (Phoibos 100, SPECS). The pump 

and probe beams were generated by using the outputs of two noncollinear optical parametric 

amplifiers (Orpheus - 2H and Orpheus - 3H, Light Conversion), which were pumped by a 

Yb:KGW regenerative amplifier running at 125 kHz (Pharos - 10 W, Light Conversion). Both 

beams had a full-width half-maximum (fwhm) size of 0.8 mm at the sample. All experiments were 

done at room temperature. The pulse energy for the pump and probe pulses were 280 nJ and 10 

nJ, respectively. 

Results and Discussion 
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Typically, SPP cannot be excited on a flat metal surface because of constraints imposed by 

momentum and energy conservation. For photons and SPPs that have the same frequency f, the 

photon momentum projected onto the sample surface is always smaller than the SPP momentum.21 

Hence, the energy and momentum cannot be conserved simultaneously. To compensate for this 

“missing” momentum, a diffraction grating with a well-defined periodicity L can be employed.21 

The SPP with a wavevector kSPP can then be excited when the following momentum conservation 

relationship is fulfilled: 

𝑘𝑘𝑆𝑆𝑆𝑆𝑆𝑆(𝑓𝑓) = 2𝜋𝜋𝜋𝜋
𝑐𝑐

sin𝜃𝜃 + 𝑛𝑛 2𝜋𝜋
𝐿𝐿

 ,       (1) 

where n is any integers and θ is the incident angle of the light.  The frequency dependent kSPP can 

be determined analytically by using the dielectric constant of the metallic layer. In our case, the 

dielectric of Al reported in Ref. [22] is used. The first and second terms on the right-hand side 

represented the momentum contributed by the photon and the grating, respectively.  Hence, for 

incident light with a particular f, the SPP can only be excited when θ satisfies Eq. 1.21 We will 

refer this to as the resonant angle, and its value depends on f. 

A commercial reflective diffraction grating (Thorlabs, GR13-0605) with 600 lines/mm and 

an Al metallic layer is used for the SPP excitation. The sample geometry is shown in Fig. 1a.  To 

measure the energy transfer from SPPs to excitons, an ultrathin (~ 2 – 20 nm) ZnPc layer is 

deposited onto the grating. ZnPc is chosen because a strong coupling between SPP and exciton in 

similar pi-conjugated molecules has been previously observed.13, 15, 19 In the TR-TPPE experiment, 

the sample is excited by 25 fs pump pulses with a tunable wavelength of 660 nm – 780 nm. We 

note that ZnPc aggregates have two optical absorption peaks located at ~600 nm and 680 nm (the 

two peaks are known as the Q-band).23 Longer pump wavelengths enable us to study the plasmon-

exciton energy transfer via the absorption of sub-bandgap photons. Because of the surface 
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sensitivity of the photoemission probe (for organic materials, probe depth ~ 1 – 3 nm at a kinetic 

energy ~ 5 eV above Fermi level.24-25), the signal is primarily originated from the exciton near the 

surface of the ZnPc layer,26-27 and is insensitive to the hot electrons in the SPP that is located in 

the buried metal layer. As we will show, this can be further confirmed by the observation that 

similar spectra can be obtained with different ZnPc thicknesses (2 – 20 nm) and with ZnPc 

deposited on a flat SiO2/Si substrate.  

 

Figure 1: (a) A schematic shows the ZnPc/grating sample. The incident angle θ of the pump and 
probe beams is indicated on the figure. The SPP is generated in a direction parallel to the global 
surface (dashed line) of the grating. (b) A TR-TPPE spectrum of the 2-nm ZnPc/grating sample 
collected with a pump wavelength of 705 nm and θ = 37°. The peak is assigned to the ZnPc’s S1 
exciton. (c) The peak intensity of the ZnPc’s S1 peak as a function of θ. (d, e) The temporal 
dynamics of the normalized TPPE intensity on two different timescales. Values of θ for different 
curves are shown in the figure legend. In (d), the simulated curves for 0 fs and 30 fs energy 
transfer times and the cross-correlation of the pump and probe pulses are shown as dashed lines.  
 

Figure 1b shows a typical TR-TPPE spectrum obtained from a 2 nm-ZnPc/grating sample 

pumped at 705 nm. A band of excited states centered at an energy ~ 0.2 eV above the Fermi level 

Ef is observed. Very similar TR-TPPE spectra can be found in ZnPc films deposited on various 

substrates.26-29 Following our previous works, we assigned this peak to the ZnPc’s S1 exciton. The 

S1 population is not immediately quenched by the metal layer (Al) because the ZnPc is separated 
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from Al by the native oxide layer on the Al surface (Fig. 1a). We note that oxide growth on an Al 

surface is a self-limiting process and the thickness of the native oxide on Al is around 3 nm.30  The 

S1 state is rather long-lived, and its dynamics closely matches with our previous measurement of 

ZnPc’s S1 dynamics when ZnPc were deposited on a SiO2 (native oxide)/Si surface (supporting 

information, Fig. S1). This confirms that we are probing the S1 exciton generated in the ZnPc film.  

A 705-nm (1.76 eV) photon can directly excite the ZnPc’s S1 and a spectral feature same 

as the one shown in Fig. 1b can be observed at all incident angles (with or without SPP excitation). 

However, the TPPE intensity is clearly enhanced near the resonant angle at which the SPP is 

resonantly excited. Figure 1c shows the maximum TPPE intensity near time zero as a function of 

θ, the intensity is increased by a factor of ~ 3 at θ = 37°. The intensity enhancement can be 

attributed to the increase of the S1 exciton population. We note that the observation cannot be 

explained by the plasmonic-enhancement of the photoemission probe process. The probe beam 

has a very different wavelength (270 nm) than that of the pump beam (705 nm). Hence, the 270-

nm probe has a very different resonant angle. As we will show, the θ = 37° agrees well with SPP 

excitation at a wavelength of 705 nm.  

The 3-folded increase in intensity at the resonant angle implies that around two-third of S1 

excitons is produced by the energy transfer from SPP to exciton. If the S1 is excited indirectly via 

the SPP, the signal rise time would increase because of a finite energy transfer time (τ) between 

plasmon and exciton. Figure 1d shows the temporal rise of the normalized TPPE intensity for 

various θ. At off-resonant angles (e.g. 17° and 57°), the temporal rise of the signal matches well 

with the instrumental rise time originated from the widths of pump (25 fs) and probe (65 fs) pulses 

(the dashed line labeled as τ = 0 fs). This indicates that excitons are created directly by the optical 

excitation. On the other hand, at the resonant angle (37°), the signal rise time is slightly longer (the 
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slope of the curve is less steep). The slower exciton’s population rise can be explained by the 

energy transfer from the SPP to the exciton, i.e. the photon first excites the SPP and the exciton is 

excited via the SPP-exciton coupling.  

We can model the temporal rise of the signal by assuming that the exciton is populated by 

the SPP with an energy transfer time constant of τ, and by accounting for the finite duration of the 

pump and probe pulses. A similar model has been used to model the signal rise time in Ref. [31]. 

In this model, the pump pulse excites SPP (its population is represented by nspp). The plasmon-to-

exciton energy transfer process, occurring with a time constant of τ, populates the ZnPc exciton. 

The population of the exciton (nex), and hence the signal intensity, is modeled by solving the 

following differential equations: 

∂𝑛𝑛𝑠𝑠𝑠𝑠𝑠𝑠
∂𝑡𝑡

= 𝑐𝑐𝐼𝐼𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝(𝑡𝑡) − 𝑛𝑛𝑠𝑠𝑠𝑠𝑠𝑠
𝜏𝜏

,        (2a) 

∂𝑛𝑛𝑒𝑒𝑒𝑒
∂𝑡𝑡

= 𝑛𝑛𝑠𝑠𝑠𝑠𝑠𝑠
𝜏𝜏
− 𝑛𝑛𝑒𝑒𝑒𝑒

τ𝑑𝑑
.         (2b) 

Here, the finite duration of the pump pulse (fwhm = 25 fs) is included in 𝐼𝐼𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝(𝑡𝑡), which 

represents the pump pulse intensity, and c is a constant. The time constant 𝜏𝜏𝑑𝑑 represents the initial 

decay time constant of the TPPE signal. The nex is further convoluted with the temporal width of 

the probe pulse (fwhm = 65 fs) to model the experimental signal.  

The dashed line labelled as τ = 30 fs represents the signal rise with a transfer time of 30 fs. 

All the experimental curves are enveloped between the 0-fs and the 30-fs curves. Hence, τ should 

be 30 fs or less. If we assume that the delayed rise is purely originated from the energy transfer 

time, the SPP-exciton coupling strength is roughly given by ħ/τ, which is ~ 20 meV for a 30-fs 

transfer time. However, we note that τ would also represent the dephasing time of the coherent 

oscillation of the SPP. Until the SPP dephases, energy can transfer continually from the SPP to 
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excitons.10 Once the coherent oscillation dephases, the SPP can no longer transfer its energy to 

molecules and the exciton population ceases to increase. Hence, the measured τ can represent the 

SPP dephasing time with an actual energy transfer time being less than 30 fs. Nevertheless, both 

interpretations agree with an energy transfer time of 30 fs or less (or a coupling strength of 20 meV 

or larger).  

After the initial excitation, the S1 exciton has the same dynamics that is independent of the 

incident angle (Fig. 1e). We have also measured the S1 exciton dynamics for delay times up to 300 

ps, which is shown in Fig. 2. Two incident angles (35°, 55°) were chosen. According to Fig. 1c, 

SPP is resonantly excited at 35°, but not at 55°.  The decay dynamics is essentially the same. The 

result shows that the same kind of S1 exciton is created after the initial excitation, and the nature 

of the exciton does not depend on the excitation pathway, i.e. the lifetime is the same whether it is 

directly excited by a photon (55°) or indirectly via the SPP (35°).  

 

Figure 2: Normalized TPPE intensity for a 2-nm ZnPc film deposited on the Al grating. The 
intensity represents the ZnPc’s S1 population. A pump wavelength centered at 705 nm was used. 
The incident angle 35° and 55° corresponds to on and off resonance conditions for SPP excitation, 
respectively. 
 

Compared to typical charge transfer processes, the plasmon-exciton energy transfer should 

have a much longer transfer range that is limited by the decay length of the plasmonic field instead 
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of the spatial extends of the electronic wavefunction. We can study this transfer range by increasing 

the ZnPc layer thickness. Because TPPE measures the exciton population near the ZnPc’s surface, 

it probes the energy transfer from the buried metallic grating to the surface of the ZnPc layer. 

Hence, the transport distance being probed is roughly equal to the film thickness plus the thickness 

of the native oxide on the Al surface (~ 3 nm). Figure 3a shows the TPPE intensity as a function 

of the incident angle for film thicknesses up to 20 nm. For comparison, all curves are normalized 

by the measured intensity at off-resonant angles. Similar resonant behaviors can be observed at all 

thicknesses. Although the amount of intensity enhancement at the resonant angle generally 

decreases with an increasing film thickness, clear enhancement can still be observed even for a 

film thickness of 20 nm.  We note that we have not conducted measurements beyond 20 nm, but 

the maximum energy transfer length can be larger than that. Two ways can limit the energy transfer 

distance. First, the incident light field can be absorbed by the ZnPc layer before it reaches the metal 

grating to excite the SPP. Using the dielectric constant for ZnPc that we measured in a previous 

work,32 we found that 1/α ~ 86 nm at λ ~ 700 nm, where α is the absorption coefficient. Second, 

by using dielectric constants of ZnPc and Al, and equations in Ref. [21], we found that the SSP 

field has a decay length of ~ 210 nm at λ ~ 700 nm. Because the plasmon-exciton coupling 

strengthen is proportional to the square of the plasmonic field,11 the coupling strength decreases 

with a decay length of ~ 105 nm. Accounting for the attenuations of both the incident field and the 

SPP field, we can estimate a composite decay length L with 1/L = 1/105 + 1/86, which gives L ~ 

47 nm. Hence, the maximum transfer distance in our samples can be as large as ~ 50 nm. Finally, 

we note that the optical absorption from ZnPc limits the ultimate energy transfer distance in the 

current sample configuration. Alternatively, we would separate the grating and a thin ZnPc layer 

with a much thicker oxide layer and study the plasmonic enhancement as a function of the oxide 
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thickness. Because the oxide is transparent to the incident light, the transfer distance determined 

by this sample configuration will only be limited by the decay length of the plasmonic field. We 

would then establish the long-range nature of this energy transfer channel.  

 

Figure 3: (a) The ZnPc S1 peak intensity as a function of θ for samples with different ZnPc’s 
thicknesses (indicated in the legend). The pump wavelength is 705 nm. (b) The temporal rise of 
the signal at the resonance (θ = 37°) and off the resonance (θ = 17°, 57°). 
 
  For the 20-nm sample, we have also measured the signal rise time for on (37°) and off (17°, 

57°) resonant conditions. These data are shown in Fig. 3b. The temporal dynamics is similar to 

those observed for the 2-nm sample (Fig. 1d), which shows that the signal rise is delayed at the 

resonant angle. The data shows that the energy transfer can occur within 30 fs for a distance of 20 

nm. The long energy transfer range further confirms that the exciton in ZnPc is populated by 

plasmon-exciton energy transfer rather than hot-carrier transfer. Hot electron and hole transfers 

from the metal to the molecule relies on the wavefunction overlapping and can only occur with 

molecules that are very close to the metal layer. Even accounting for exciton delocalization (in 
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ZnPc, we found an exciton delocalization size of ~ 4 nm27), hot charge transfer cannot produce 

excitons at the surface of a 20-nm ZnPc film within 30 fs.   

 

Figure 4: (a) The resonant curves collected at different pump wavelengths. The resonant angle 
shifts because of the SPP dispersion. (b) The experimentally measured SPP dispersion (solid 
circle) and the calculated SPP dispersion (solid line). For comparison, the optical absorption 
spectrum of a ZnPc film is shown on the right. The two horizontal lines represent the peak positions 
in the ZnPc’s absorption spectrum. (c) The TPPE spectrum at two different experimental 
conditions in which excitons are populated indirectly by SPPs and directly by photons. (d) The 
temporal dynamics of the TPPE signal for the two conditions. 
 
 So far, the SPP is excited by pump pulses with a central wavelength of 705 nm.  We also 

measured the dependence on the pump photon energy for the 2-nm sample. Figure 4a shows 

resonant curves collected at different pump wavelengths. The wavelengths indicated on the figure 

represent centroids of the fs-broadband pump pulses.  The resonant angle clearly changes with the 

pump photon energy. The lineshape is asymmetric and it can be fit reasonably well with an 

asymmetric Lorentzian function.33 The fit is used to determine the resonant angle.  Using measured 

resonant angles and Eq. (1), we can determine the SPP’s wavevector (kSPP) for different photon 

energies (E). The E-kSPP relationship is plotted in Fig. 4b. The experimentally determined data is 

shown as solid circles. Moreover, the SPP dispersion relationship can be determined analytically 

by using:21 
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 𝑘𝑘𝑆𝑆𝑆𝑆𝑆𝑆 = 𝜔𝜔
𝑐𝑐 �

𝜀𝜀𝑖𝑖𝜀𝜀𝑚𝑚
𝜀𝜀𝑖𝑖+𝜀𝜀𝑚𝑚

        (3) 

, where ω/c is the wavevector of the light, εi and εm are the dielectric constants for the incident 

medium and the metal, respectively. In our case, the incident medium is vacuum. We neglect the 

effect of the 2-nm ZnPc layer on the SPP dispersion because its optical thickness is much smaller 

than the photon wavelength. The dielectric constant of Al reported in Ref. [22] is used. The 

calculated dispersion is shown as the black solid line in Fig. 4b, which agrees well with the 

experimental measurement.  

 Typically, a strong plasmon-exciton coupling leads to an energy splitting at the crossing of 

the plasmon and exciton dispersion curves (usually referred to as avoided crossing).19  In Fig. 4b, 

the experimental data points (solid circles) do not show a clear avoided crossing. The absence of 

an avoided crossing can be explained by the following reasons. First, the ZnPc crystal has a rather 

broad absorption peak because of the large intermolecular electronic coupling between molecules 

(~100 meV).23 For reference, the absorption spectrum for a ZnPc film is shown on the right-hand 

side of Fig. 4b. Locations of the two absorption peaks are indicated by two dashed-horizontal lines. 

The width of each absorption peak is on the order of 100 meV, which is larger than the SPP-exciton 

coupling strengthen estimated from the time-resolved measurement (20 meV). Because the SPP 

would couple to singlet states that have different configurations within the broad absorption 

band,23 and each of these configurations have slightly different energies, it is unlikely that the 

dispersion would show a clear, single avoided crossing. Second, the 25-fs pump laser pulse that 

we used have a large bandwidth (~100 - 200 meV – see Fig. S2 in the supporting information for 

the spectra). This will result in an “averaging” effect that basically lowers the energy resolution of 

our measurement. 
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 Interestingly, the SPP can still enhance the exciton production yield effectively even when 

the pump photon energy is lower than the exciton energy. The lower energy peak in the ZnPc’s 

absorption spectrum is centered at a wavelength of 700 nm. When the sample is pumped at 784 

nm (at the edge of the absorption peak), the TPPE intensity, and hence the exciton population, can 

still be enhanced near the SPP resonant angle. Indeed, an enhancement factor of ~ 4.5 is found, 

which is even larger than the enhancement factor (~ 3) observed at 705 nm. This finding is 

interesting because the SPP-exciton coupling should be weaker when the spectral overlap between 

the SPP’s and the exciton’s absorption becomes smaller.34 To understand this observation, we note 

that our enhancement factor is defined as the ratio of the exciton population when the SPP is 

resonantly excited and the exciton population when the SPP is not excited. Excitons can be created 

by both direct optical absorption and PIRET in the former case, while excitons can only be created 

by direct optical absorption in the latter case. To a first approximation, because the SPP-exciton 

coupling strength is proportional to the absorption cross section of ZnPc at the SPP frequency,11 

the exciton population produced by PIRET should decrease with a decrease in the ZnPc absorption. 

The exciton population produced by direct excitation is proportional to the ZnPc absorption as 

well. Hence, the enhancement factor should be insensitive to wavelength. However, the 

enhancement factor at 784 nm is larger than that at 705 nm. We do not have a simple explanation 

to this observation. However, it would be explained by the interference effect when two coupled 

states (plasmon and exciton in this case) are populated simultaneously by the laser pulse. As shown 

in a previous work,35 when the energy detuning between the two coupled states is on the order of 

the coupling strength between the two states, the population of one of the states can be enhanced 

in the expense of the other. Therefore, the SPP-exciton coupling would enhance the direct optical 

excitation of ZnPc’s exciton via such intensity borrowing mechanism. Because this mechanism 
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diminishes when the two states have the same energy,35 it would be activated at 784 nm, but not 

at 705 nm, which would explain the larger enhancement factor at 784 nm.  

As shown in Fig. 4c, the TPPE spectrum for S1 excitons produced by the 784 nm excitation 

at the resonant angle has a same spectral shape as the spectrum produced by the 705 nm excitation 

at an off resonant angle.  Moreover, S1 excitons produced in both cases have the same dynamics 

(Fig. 4d). Hence, the S1 exciton that is produced by direct optical excitation (705 nm, 15°) is 

essentially indistinguishable from the exciton produced by the SPP-exciton energy transfer (784 

nm, 33°). Therefore, if the sample is set at an incident angle that can resonantly excites SPP at a 

sub-bandgap photon energy, not only that we can absorb more photons, but the same exciton can 

also be produced by a photon that has a lesser energy.  This essentially extends the optical 

absorption beyond the absorption edge.    

To compare the exciton-generation yield at different wavelengths, we normalize the TPPE 

intensity in Fig. 4a with the number of incident pump photons. The normalized TPPE counts, 

which is proportional to the exciton generation yield, is plotted as a function of the pump 

wavelength (Fig. 5).  Data collected at four different incident angles are shown. Compared to the 

off-resonant angle (23°), the exciton-generation yield near the absorption edge is preferentially 

enhanced (red arrow) at θ ~ 32.5° and 35° when the SPP is resonantly excited at sub bandgap 

energies. Because the SPP energy depends on the incident angle, the population can be enhanced 

at a selected wavelength by varying θ. For example, at θ ~ 35° (green curve), the normalized count 

is slightly larger at ~720 - 740 nm than that at 700 nm because the SPP resonant angle at 740 nm 

is ~35°. Hence, the normalized intensity near 740 nm is selectively enhanced at θ = 35°. Similar 

PIRET-induced sub-bandgap light absorption has been reported with Au/Cu2O core/shell 
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nanoparticles.12 Our results demonstrated that this interesting phenomenon can occur in solid-state 

organic thin films as well.   

 

Figure 5: The TPPE signal normalized by the number of incident photons in the pump pulse is 
plotted as a function of the pump wavelength. The data at four different incident angles are shown. 
The normalized signal is proportional to exciton generation yield. The SPP-exciton energy transfer 
can preferentially enhance the exciton production in the sub-bandgap region (red arrow).  

 

Conclusion 

 By using a model organic semiconductor/metal grating interface, we demonstrate that 

effective energy transfer can exist between plasmon and exciton. The plasmon-to-exciton energy 

transfer time is fast enough (< 30 fs) to allow significant energy transfer from plasmon to exciton 

despite of the very short dephasing time of the SPP. Moreover, the transfer range is large (~ 20 

nm) as compared to that of typical charge and exciton transfer processes. For the ZnPc/Al grating 

system, the plasmon-to-exciton energy transfer increases the exciton-generation yield in ZnPc by 

a factor of ~3 – 4.  The enhancement remains pronounced even when the photon energy is lower 

than the energy of the ZnPc’s optical absorption peak. Hence, the plasmon-to-exciton energy 

transfer can essentially change the spectral sharp of the optical absorption peak and extend the 
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optical absorption beyond the optical bandgap. This ultrafast and long-range energy transfer 

channel can be useful for harvesting solar energy especially in ultrathin photovoltaics and 

optoelectronic devices in which the optical absorption from the optically thin semiconductor layer 

is limited.  

Supporting Information 

Additional data on ZnPc’s S1 exciton dynamics and the spectra of the pump laser.  
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A. Additional time-resolved two-photon photoemission spectroscopy (TR-TPPE) data 

 

Figure S1: Temporal evolution of the ZnPc’s S1 population measured by TR-TPPE. For both 
measurements, the incident angle of the laser pulses was 30°. 

 

B. Spectra for the pump laser pulses used in the TR-TPPE experiment

 

Figure S2: The spectra for the pump laser pulse used in the TR-TPPE experiment. The spectra 
are plotted as a function of (a) wavelength and (b) photon energy. The centroid wavelengths 
calculated with the spectra in (a) are shown in the figure ligand. 
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