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ABSTRACT

Information concerning the unoccupied states of condensed matter is of great relevance to their
electronic, optical and chemical properties. These unoccupied states can be directly examined by
inverse photoelectron spectroscopy (IPES), which is often regarded as the time-inversion process
of photoelectron spectroscopy (PES). The fundamental drawback of IPES is its low signal intensity.
Other spectroscopic intensities are enhanced by surface plasmon resonance (SPR), so the intensity
of the IPES signal may also be enhanced by SPR. This was, however, impossible because the
photon energy involved in conventional IPES exceeds 9 eV and is much higher than the SPR
energy of existing materials. In 2012, we developed low-energy IPES (LEIPS), in which the
photon energy is less than 5 eV, which can then be matched with the SPR energy. We demonstrate
a 5-fold enhancement of the LEIPS signal from a prototypical organic semiconductor, copper
phthalocyanine (CuPc), by SPR of Ag nanoparticles.
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Electronic, optical and chemical properties of solids are governed by the electronic structure of
both occupied and unoccupied states. The occupied states (or the valence bands) are usually
examined by photoelectron spectroscopy (PES). The unoccupied states (or the conduction bands)
are best examined by inverse photoelectron spectroscopy (IPES) 1. In IPES, an electron is
introduced to the sample surface and a photon is emitted, owing to the radiative transition from
the free electron state to the unoccupied states. By measuring the photons, the energy of the
unoccupied states can be obtained from the kinetic energy of the introduced electron and the energy
of the emitted photon. IPES is complimentary to and often regarded as the time inversion process
of PES.

In contrast to PES being routinely used to examine the occupied states, IPES is far less common.
The fundamental drawback is the low signal intensity (cross-section). According to the theoretical
consideration, the cross section of IPES is 3 and 5 orders of magnitude smaller than that of PES %
3, To obtain a reasonable signal-to-noise ratio, the weak photon signal is detected by a high
sensitivity bandpass photon detector . The photon detector specially-designed for IPES limits the
energy of the photon in the range between 9 and 10 eV (around 130 nm in wavelength) and the
energy resolution as high as 0.5 eV when reasonable signal intensity is acquired. The sufficient
signal intensity is also gained by introducing an intense electron beam to the sample. The
bombardment by the intense electron beam can cause serious damage to soft-materials such as
organic semiconductors and bio-related molecules. If the IPES signal can be intensified, the
application of this experimental technique should be greatly extended.

To enhance the signal intensity, surface plasmon resonance (SPR) is a promising candidate.
Surface plasmon is a collective oscillation of the free electrons supported at the interface between
a metal surface and a dielectricc. When a photon is coupled with the surface plasmon,
electromagnetic field is strongly enhanced. This effect is called SPR 2. SPR enhances the signal
intensity of the spectroscopic techniques involving photons. For example, the signal intensity is
intensified by orders of magnitudes in Raman spectroscopy®? and fluorescence spectroscopy?. The
enhancement has also been reported in infrared spectroscopy'?, sum frequency generation (SHG)

U and PES!2. SPR is routinely used in biosensors!3<4 or other practical applications.

To combine IPES and SPR, the SPR frequency must be matched with the IPES photon frequency
. SPR has the propagation and the localized modes, and its frequency s is variable of the size
and shape of the metal structures and dielectric. In any case, osp is always smaller than wp/~/2
where o, is the bulk plasmon frequency 12. To date, SPR energy 7w above 6 eV (below 200 nm
in wavelength) have been difficult to obtain 8. In conventional IPES, the photon energy between
9 and 10 eV is detected (around 130 nm). Unfortunately, therefore, the IPES signal is not able to
be enhanced by SPR.



In 2012, we developed an advanced IPES called low-energy inverse photoelectron spectroscopy
(LEIPS, Figure 1a)!”!% The initial aim of LEIPS was to prevent damage to the organic
semiconductor molecules arising from the electron bombardment. For this purpose, the kinetic
energy of the incident electron is kept less than 5 eV, which is the typical damage threshold of
molecules. As a result, the energy of the emitted photons becomes less than 5 eV (more than 250
nm in wavelength) for most materials. The detection wavelength in the range between 250 nm and
500 nm can be matched with the SPR wavelength of Ag. Furthermore, in the standard LEIPS setup,
optical bandpass filters are used for photon detection 2. The photon energy can be tuned by
changing the bandpass filters so that the LEIPS wavelength can be easily matched with the SPR
wavelength. Note that the spectral scan of IPES can be made with two modes, namely the tunable
photon energy (TPE) and isochromat modes 2. In TPE mode, the kinetic energy of incident
electron is fixed and the photon energy is scanned. Since the SPR enhancement sensitively depends
on the wavelength, the LEIPS spectrum will be distorted in the TPE mode. The isochromat mode,
on the other hand, scans the electron energy with detecting photons at a fixed energy using the
bandpass photon detector. If the detection wavelength is matched with the SPR wavelength, the
entire spectral energy region is evenly enhanced.

The concept of this study is shown in Figure 1. We adopted Ag nanoparticles for the SPR media.
First, we prepared silver (Ag) nanoparticles using vacuum deposition and characterized such basic
properties as particle shape and SPR wavelength using atomic force microscopy (AFM) and
extinction spectroscopy, respectively. Second, we observed the enhancement of the LEIPS signal
intensity of the Ag nanoparticles. Third, we enhanced the LEIPS signal of a prototypical organic
semiconductor, copper phthalocyanine (CuPc, Figure 1d). Throughout the work, the enhancements
by SPR were confirmed by (1) comparing the intensities with and without the Ag nanoparticle,
and (2) measuring LEIPS spectra as a function of photon energy for comparison with the extinction
spectra.
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Figure 1. Concept of the present work. The signal of low energy inverse photoelectron spectroscopy
(LEIPS) is enhanced by the surface plasmon resonance (SPR) of metal nanoparticles. (a) Energy
level diagram of LEIPS. (b) Experimental setup. The LEIPS signal of the metal nanoparticle as
well as the organic molecules will be enhanced by the SPR of the metal nanoparticles. (c) AFM
images of Ag deposited on the ITO substrates with average thicknesses of 3, 30 and 50 nm. (d)
Molecular structure of Cu-phthalocyanine.

Figure 1c shows the AFM images of Ag nano-particles with average Ag-thicknesses of 3 nm, 30
nm and 50 nm (denoted as Ag3, Ag30 and Ag50, respectively, hereafter). The average particle size
and the average height were 25 nm and 10 nm for Ag3, 160 nm and 75 nm for Ag30, and 200 nm
and 80 nm for Ag50. Figure 2c shows the extinction spectra of the Ag nanoparticles (see Figure
S1 in the Supporting Information). Since the ITO/glass substrate does not transmit ultraviolet light,
we show only the extinction spectra at wavelengths longer than 320 nm. The broad peaks
attributable to SPR were observed at 567 nm for Ag3, 383 nm for Ag30, and 454 nm for Ag50.
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Figure 2. LEIPS and SPR data of Ag nanoparticles on the ITO. LEIPS spectra taken at the detection
wavelength of (a) 260 nm and (b) 387 nm. A silver plate was measured as a reference. The onset
regions inaccessible by the 387-nm photons are indicated by dotted lines (see text). Comparison
of (c) extinction spectra and (d) wavelength-dependence of LEIPS intensity.

Figure 2a and 2b show the LEIPS spectra of Ag nanoparticles measured at the detection
wavelengths of 260 nm and 387 nm. The onset energy corresponds to the workfunction of each
sample at 260 nm. The subtle differences in the onset energy is owing to the sample-to-sample
variation of the workfunctions. On the other hand, the Fermi edge cannot be accessed by LEIPS at
387 nm because the photon energy (3.2 eV) is smaller than the workfunction of the samples
(typically 4.5 eV). The onset observed at 387 nm arises from the sudden increase of the electron
beam current when the electron energy exceeds the vacuum.

At 260 nm, the LEIPS intensities were almost the same as each other. However, at 387 nm, the
LEIPS intensity of Ag3 was approximately 1.2 times, whereas those of Ag30 and Ag50 were
approximately 3 times more intense than that of the reference. Since the LEIPS intensity varies
depending on the detection wavelength, we investigated the wavelength dependence of the LEIPS
intensity, as shown in Figure 2d. The intensity was determined as the area of the LEIPS spectrum
with an energy between 1 and 2 eV above the onset. The peak of the LEIPS intensity was observed
at the detection wavelength of 525 nm for Ag3, while the peak of the LEIPS signal peaked around
387 nm for Ag30 and Ag50. Since the extinction spectra in Figure 2c¢ and the wavelength



dependence of the LEIPS intensity in Figure 2d were similar to each other, we concluded that the
enhancement of LEIPS intensity was caused by SPR.

Now that we observed the enhancement of the Ag signal arising from SPR, we attempted to
enhance the LEIPS signal from an organic semiconductor, CuPc, as the next step. The LEIPS
spectrum of CuPc/Ag can be regarded as the superposition of the Ag nanoparticle and CuPc
spectra, as shown in Figure S3 in the Supporting Information. The spectrum of the Ag nanoparticle
was subtracted from the observed spectrum (Figure S4) and the spectral component of CuPc was
obtained, as shown in Figure 3. The LEIPS intensities of CuPc on the Ag nanoparticles were the
same as that of the reference within the uncertainties at the detection wavelength of 260 nm (Figure
3a). At the detection wavelength of 434 nm (Figure 3b), however, the LEIPS intensities of CuPc
on Ag30 and Ag50 were 3 and 5 times larger than that of the reference, respectively, while no
enhancement was observed for CuPc/Ag3. Note that slight differences in the energy were observed.
For example, the onsets of the spectra corresponding to the electron affinities (EAs), were 3.10 eV
(CuPc/ITO, reference), 3.35 eV (CuPc/Ag3), 3.18 eV (CuPc/Ag30), and 3.39 eV (CuPc/ Ag50). It
has been reported that the energy levels of CuPc depend on the molecular orientation; the
ionization energy for the stand-up and lying-down orientations differ by 0.4 eV 2. In general, CuPc
molecules tend to adopt the stand-up orientation on the ITO and the lying-down orientation on the
metal surfaces 2. The variations in energy were therefore attributed to the differences in the
molecular orientations of CuPc on ITO and Ag nanoparticles. To determine the electron affinities
precisely, such energy shift induced by nanoparticles are undesirable. The molecular orientation
of molecules on the nanoparticle could be controlled by covering the metal nanoparticles by a thin
layer of another material e.g. SiO> 2.

If the enhancement occurs as a result of SPR, we would expect a good correlation between the
wavelength-dependence of the LEIPS signal and the SPR wavelength (extinction spectra), similar
to the case of the pristine Ag nanoparticles. Figure 3¢ shows the extinction spectra of CuPc / Ag
nanoparticles. Since each extinction spectrum contains contributions from both the SPR of Ag
nanoparticles and the CuPc molecular absorption, we subtracted the separately-measured CuPc
spectrum from the observed extinction spectrum (Figure S2 in Supporting Information). The
extinction spectra showed broad features owing to the SPR peak at around 497 nm for CuPc/Ag3,
477 nm for CuPc/Ag30, and 522 nm for CuPc/Ag50. The differences in the spectra with and
without the CuPc layer could be attributed to the higher permittivity (approximately 3 23) than the
vacuum. Additionally, an energy shift might have been imposed by further oxidation of the surface
of Ag nanoparticles in the latter samples as we used the same Ag nanoparticles stored in air for the
pristine Ag and CuPc-deposited experiments.

Figure 3d shows the LEIPS intensity as a function of the detection wavelength. We assumed the
area of the Ist peak as the spectral intensity. While no wavelength dependence was observed in
CuPc/Ag3, the signal intensities increased at longer wavelength until the longest wavelength we
measured in the present work; at 434 nm, the signal intensities were 3.4 and 5.8 times more intense
than the reference for CuPc/Ag30 and CuPc/Ag50, respectively. Comparing the wavelength



dependence of the LEIPS intensity with the extinction spectra in panels ¢ and d in Figure 3, we
concluded that the enhancement of the LEIPS signal was caused by SPR.
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Figure 3. LEIPS spectra of 20-nm-thick CuPc on Ag nanoparticles measured at the detection
wavelengths of (a) 260 nm and (b) 434 nm. The spectral component from the Ag nanoparticles are
subtracted. Comparison of (c) extinction spectra of 40-nm-thick CuPc fabricated on Ag
nanoparticles and (d) wavelength-dependence of LEIPS intensity of 20-nm-thick CuPc fabricated
on Ag nanoparticles.

To evaluate the penetration depth of SPR into the organic layer from the surface of the Ag
nanoparticles, we performed the CuPc-thickness dependent experiment. Figure 4 shows the CuPc-
thickness dependence of the CuPc spectral components from which the penetration depth of the
SPR could be evaluated. No thickness-dependence was observed for CuPc/Ag3, which could be
explained by the absence of an SPR effect in CuPc/Ag3. However, the intensities of CuPc/Ag30
and CuPc/Ag50 decreased as the CuPc film thickness increased. By fitting exponential decay
functions 2 to the experimental data, as shown in Figure 4, the penetration depths of SPR (the
value at which the signal strength becomes the reciprocal of Euler's number, 1/¢) were 8.4 nm for
Ag30 and 10 nm for Ag50. In this argument, we assumed that the probing depth of LEIPS is
sufficiently smaller than the penetration depth of SPR. The probing depth of LEIPS is governed
by the inelastic mean free path of electrons. In the energy of electrons below 10 eV, there are only
few reports about the mean free path of electrons in organic materials and are estimated to be a

few nm 2327,
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Figure 4. Thickness dependence of LEIPS intensities from the CuPc layers of CuPc/Ag.
Experimental data are shown by dots and the best-fit results by exponential functions are shown
by solid lines (Ag3 in red, Ag30 in blue, and Ag50 in green).

Finally, we considered the origin of the enhancement of the LEIPS intensity arising from SPR.
The signal enhancement by SPR involves the system absorbing a photon and emitting a photon
(photon-in/photon-out); for examples, Raman spectroscopy, fluorescence spectroscopy, and SHG;
or absorbing a photon and emitting an electron (photon-in/electron out); for examples,
photoelectron spectroscopy, and two-photon photoelectron spectroscopy (2PPE). The effect of the
photon can be treated by the classical time-dependent perturbation theory. Based on this classical
picture, the enhancement of the spectroscopic signal intensity can be intuitively understood as the
coupling between the electric fields of photon and SPR. In contrast, an electron is introduced to a
system and a photon is created (electron-in/photon-out) in IPES in which the electromagnetic field
should be quantized 2. This process is similar to the photon emission from the scanning tunneling
microscope (STM) 222 and light-emitting diodes 2.

The total decay rate of PES process with the transition matrix element (b|& - p|k) from a free
electron state |k> to a bound state |b> can be represented by Fermi’s golden rule as 2231,

=" 1(ple- 2
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where py is the density of states (DOS) of the photon, while 7 refers to the reduced Planck constant.
The DOS of the photon p, is increased by SPR owing to the deviation of the dispersion relation
from the light-line in the propagation mode? or increase of the local density of electromagnetic
states (LDOS) in the localized mode 2!. The increase of the DOS of the photon causes an increase
of the IPES signal intensity.

In summary, we have observed the enhancement of the low-energy IPES (LEIPS) signal by the
SPR of Ag nanoparticles. First, we examined the LEIPS intensity of the Ag nanoparticles and
successfully observed an enhancement by a factor of 3. Then, by using the Ag nanoparticles, we
achieved between a 3- to 5-fold enhancement of the LEIPS signal of a prototypical organic
semiconductor, copper phthalocyanine (CuPc). Since the wavelength dependence of the
enhancement of the LEIPS intensities and the extinction spectra coincided with each other, the
enhancement of the LEIPS intensity was confirmed to arise from the SPR of Ag nanoparticles.
The enhancement of the LEIPS signal intensity was caused by the increase of the density of states
of the photon arising from SPR, which indicates that a further enhancement is feasible by
increasing the DOS of photons.

EXPERIMENTAL METHODS

We used indium-tin-oxide (ITO) coated glass (Geomatic, Flat ITO) as a substrate because it has
electrical conduction and is transparent to visible light, which were necessary to prevent sample
charging in the LEIPS measurement and to investigate the SPR wavelength, respectively. Ag was
vacuum deposited onto the substrate at room temperature under a pressure of 6.0 x 10~ Pa to
produce Ag nanoparticles. The average film thickness was monitored by a quartz crystal
microbalance. The deposition rate was kept at 0.30 nm min™' and the average film thicknesses were
3, 30, and 50 nm. For the organic material, copper (II) phthalocyanine (Sigma-Aldrich) was
purified by vacuum sublimation and deposited at a rate of 0.15 nm min™ to obtain films with an
average film thickness ranging between 0 and 40 nm. For the reference of the signal intensities of
Ag nanoparticles and CuPc on Ag nanoparticles, a flat Ag plate and CuPc deposited on a bare
ITO/glass were employed, respectively.

The shapes of Ag nanoparticles were observed by an atomic force microscope (AFM; SEIKO
Instruments, SPA-400) in atmosphere. The SPR properties of the Ag nanoparticles were examined
from their extinction spectra. We measured the transmittance and reflectance spectra with a UV-
vis spectrophotometer (JASCO V-650) equipped with an integrating sphere (JASCO ISV-722).
The extinction ratio was calculated by the procedure described in the Supporting Information.

The prepared sample was exposed to air and introduced to a LEIPS apparatus. The LEIPS setup
for the isochromat mode has been described elsewhere 22. An electron beam with a current of 0.3
RLA was incident to the sample surface and the emitted photons were analyzed using a bandpass



filter and a photomultiplier. The pressure during the LEIPS measurement was 3.0 x 10 Pa. We
used the bandpass filters with center wavelengths of transmittance at 260, 285, 300, 320, 335, 387,
434, and 525 nm. The throughput of the bandpass filters, the sensitivity of the photomultiplier and
the collection efficiency of the focusing lens depended on the wavelength. The LEIPS intensities
were calibrated with that of a CuPc film of 20 nm thickness deposited on ITO taken with each
bandpass filter.

SUPPORTING INFORMATION
The Supporting Information is available free of charge on the ACS Publications website at

XXXXX. Evaluation method of extinction spectra, extinction spectra of CuPc/Ag nanoparticles,
LEIPS spectra of CuPc/Ag and derivation of CuPc contributions.
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1. Evaluation Method of Extinction Spectra

The photon incident to the sample is either absorbed by the sample, transmitted, or reflected. Figure
S1 shows transmittance 7 and reflectance R of the Ag nanoparticles and the CuPc/Ag measured
using the integrating sphere. We determined extinction ratio as 1 — 7’— R which is shown in Figure
2c. The obtained extinction spectrum of CuPc/Ag contains both the absorption by SPR of Ag

nanoparticle and that of CuPc molecules. The further process to separate the SPR contribution is
described in the next section.
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Figure S1. Results of optical measurements. (a) the transmittance and (b) the reflectance spectra
of Ag nanoparticles. (c) the transmittance and (d) the reflectance spectra of CuPc/Ag.
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2. Extinction Spectra of CuPc / Ag Nanoparticles

Figure S2 shows the extinction spectra obtained using the method described in the previous section.
The Q-band of CuPc is clearly visible in the range between 550 and 750 nm. We remove the
absorption due to the CuPc molecules from the extinction spectrum of CuPc/Ag by subtracting the
log of extinction (corresponding to the absorbance) of CuPc /ITO from that of CuPc/Ag extinction
spectra. The resultant extinction spectra owing to SPR of Ag nanoparticle are shown in Figure 3c.
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Figure S2. Extinction spectrum obtained by the procedure described in the previous section.
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3. Raw LEIPS Spectra of CuPc/Ag and Derivation of CuPc Contributions

Figure S3 shows the LEIPS spectrum measured at 335 nm in wavelength as a function of average
CuPc film thickness. The spectra are composed of the Ag- and CuPc-derived components. The
Ag-derived spectrum shows a sharp rise at about 0.5 eV owing to the increase of the electron
current and is almost constant in intensity. On the other hand, the CuPc-derived spectrum shows a
peak around 1.5 eV. As the film thickness increases, the CuPc-derived intensity increases and the
Ag-derived intensity decreases.
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Figure S3. LEIPS spectra of CuPc/Ag films as a function of thickness. (a) CuPc/Ag3 (b)
CuPc/Ag30 (c) CuPc/Ag50. The detection wavelength is 335 nm.

To discuss the enhancement by SPR of CuPc-derived LEIPS signal, we subtracted the Ag-derived
LEIPS spectra from the measured LEIPS spectra of CuPc/Ag. Figure S4 shows the procedure for
CuPc (5 nm) / Ag (3 nm) as an example. The spectrum of pristine Ag nanoparticles is multiplied
by 0.15 so as to match the LEIPS spectrum of Ag of CuPc / Ag around the rising edge (Figure
S4a). Figure S4b shows the resultant difference spectrum showing the CuPc-derived LEIPS spectra.
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Figure S4. (a) LEIPS spectra of CuPc (5 nm)/Ag (3 nm) and Ag (3 nm) multiplied by 0.15 shown
by the red and black lines, respectively. (b) Difference spectrum corresponding to CuPc-derived
LEIPS spectrum.
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