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Photoelectric emission from organic and metal thin films is generally observed with irradiation of

photon energy larger than 4 eV. In this paper, however, we report photoelectric emission from Ag

on a zinc-phthalocyanine (ZnPc) layer at a photon energy of 3.4 eV. The threshold energy for this

photoelectric emission is much smaller than the work function of Ag estimated by conventional

photoelectron spectroscopy. The photoelectric emission by low-energy photons is significant for

Ag thicknesses of less than 1 nm. Photoelectron spectroscopy and morphological study of the

Ag/ZnPc suggest that the anomalous photoelectric emission from the Ag surface is caused by a

vacuum level shift at the Ag/ZnPc interface and by surface plasmons of the Ag nanoparticles.
VC 2014 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4876956]

An important issue in developing organic electronic

devices is the control of the properties of organic/organic

and metal/organic interfaces. It is known that the properties

of these interfaces affect the performance of the final organic

electronic device. For example, vacuum level shift is often

observed at organic/organic and metal/organic interfaces,1–5

and many studies have indicated that this shift affects the

efficiency of carrier injection or extraction at such

interfaces.6–8 While past studies have focused on the effect

of the vacuum level shift on the electronic properties of

organic electronic devices, the effect on the barrier height

for photoelectric emission has been paid little attention. In

this paper, we report photoelectric emission from a metal

surface on an organic layer under irradiation with near-UV

light having an energy of less than 4 eV. In general, the work

function of thin films of metals, except alkali metals, and the

ionization potential of organic thin films are no less than 4 eV.

It is therefore expected that light energy of less than 4 eV can-

not generate photoelectric emission from the surfaces of metal

or organic films. From the results of photoelectron spectros-

copy, we conclude that the vacuum level shift at the metal/

organic interface is correlated with a decrease in the effective

threshold energy for photoelectric emission from the sample

surface. The effect of metal surface plasmons on the anoma-

lous photoelectric emission is also discussed.

Zinc-phthalocyanine (ZnPc) was used as the organic

layer in this work. ZnPc is a typical small-molecule semicon-

ductor used in organic solar cells. The ZnPc was purchased

from Kanto Chemical and sublimed three times for purifica-

tion. ZnPc thin films were fabricated by vacuum deposition

on an indium tin oxide (ITO) substrate purchased from

GEOMATEC. The pressure used during the deposition was

in the range of 10�5 Pa. Ag was used as the metal layer on

the ZnPc film. The thicknesses of the ZnPc and Ag layers

were measured using a quartz microbalance. The values of

the thickness noted in this paper are, therefore, nominal

ones. The photoelectric emission by low-energy photo-irra-

diation and the photoelectron spectra under high-energy ex-

citation of the film were measured using an experimental

photoelectron spectroscopy setup. The photoelectron spec-

troscopy was performed at two synchrotron facilities (Beam

line 8B, UVSOR, Institute for Molecular Science, Okazaki,

Japan, and Beam line 13, SAGA-LS, Kyushu Synchrotron

Light Research Center, Tosu, Japan). Both beam lines are

equipped with a photoelectron measurement chamber con-

nected to a preparation chamber. Thus, the samples could be

transferred from the preparation chamber to the measure-

ment chamber without breaking the vacuum. A white light

source (a Xe lamp with an air mass 1.5 filter, HAL-320,

Asahi Spectra Co. Ltd.) and a tunable Ti:sapphire laser

(Chameleon, COHERENT, Inc.) were used as UV-visible

region light sources. The UV-visible light was introduced to

the measurement chamber through a glass viewport that cut

off the light with wavelength shorter than approximately

320 nm. The power of the white light on the sample surface

was 100 6 10 mW/cm2. The repetition rate of the second

harmonic generation of the Ti:sapphire laser was 80 MHz,

and the spot size and the intensity of the laser pulse were

7 mm in diameter and 0.2–0.5 nJ, respectively.

Figure 1(a) shows the photoelectron spectra of the Ag

(0.2 nm)/ZnPc (10 nm)/ITO sample under laser irradiation of

different wavelengths. The abscissa indicates the kinetic

energy of the electron. Note that a bias voltage of �10.0 V

was applied to the sample to detect the electrons near the vac-

uum level. The wavelength dependence of the intensity of the

photoelectric emission is shown in Fig. 1(b). The threshold

wavelength for the emission was estimated to be around

370 nm. By taking the spectral width of the irradiated laser

(approximately 10 nm) into account, the threshold energy of

the photoelectric emission of the sample surface was esti-

mated to be approximately 3.4 eV. This value is substantially

smaller than both the ionization potential of the ZnPc thin film

and the work function of the Ag film, which were estimated to
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be 5.1 eV and 4.1 eV, respectively, from the conventional pho-

toelectron measurements discussed later.

To investigate the mechanism of this anomalous photo-

electric emission from Ag/ZnPc, the electronic structure of

the Ag/ZnPc interface was observed by photoelectron spec-

troscopy using synchrotron radiation. Fig. 2 shows the varia-

tion in the photoelectron spectrum of the ZnPc thin film

(15 nm) during the incremental deposition of Ag. All photo-

electron measurements were carried out at room temperature

with synchrotron radiation of 39.6 eV. The overall energy re-

solution was approximately 0.15 eV. The bottom spectrum is

the photoelectron spectrum of the ZnPc film (15 nm) on the

ITO substrate. The Ag thickness increases from the bottom

to the top. The left panel shows the photoelectron spectra of

the secondary electron cutoff, for which a bias voltage of

�5.0 V was applied to detect the photoelectrons near the

vacuum level. The secondary electron cutoff was shifted

approximately 0.25 eV toward lower kinetic energy by

deposition of 0.5 nm Ag, and then shifted toward higher

kinetic energy with increasing Ag thickness. The right panel

shows the photoelectron spectra near the Fermi level. (Note

that no bias voltage was applied to the sample for the photo-

electron measurement near the Fermi level.) The peak at

around 34 eV is attributed to the highest occupied molecular

orbital (HOMO) of ZnPc. The step at 35.3 eV in the photo-

electron spectrum measured after Ag deposition is due to the

Fermi level. The HOMO peak of ZnPc showed a similar var-

iation with increasing Ag thickness to that of the secondary

electron cutoff. The smallest work function of 3.9 eV was

observed for Ag (0.5 nm)/ZnPc (15 nm). The shift of the

secondary electron cutoff by the deposition of Ag was

observed also on the sample in Fig. 1 by the conventional

photoelectron spectroscopy using synchrotron radiation. The

secondary electron cutoff was shifted approximately 0.35 eV

toward lower kinetic energy by deposition of 0.2 nm Ag on

the ZnPc substrate.9

From the photoelectron spectroscopy results, the shift in

the secondary electron cutoff was considered to be a key fac-

tor in the anomalous photoelectric emission. The variation of

the secondary electron cutoff was basically correlated with

the shift in the vacuum level of the sample surface. Thus, to

investigate the correlation between the variation of the vac-

uum level and the anomalous photoelectric emission, the de-

pendence of the photoelectric emission intensity on Ag

thickness was observed under white light illumination. The

results are shown in Fig. 3. The maximum emission intensity

was observed for an Ag thickness of 0.5 nm. The intensity of

the photoelectric emission decreased with further increases

in Ag thickness. The Ag thickness dependence of the vac-

uum level shift estimated from Fig. 2 is plotted in Fig. 3. The

value of the vacuum level shift was evaluated against the

vacuum level of the ZnPc film. The emission intensity was

negatively correlated with the vacuum level shift. The pres-

ent results infer that a decrease in the vacuum level, which

indicates a decrease in the effective work function, of the Ag

on the ZnPc surface is the key factor accounting for the

anomalous photoelectric emission.

Vacuum level shift at metal/organic interfaces has been

reported in many systems, and is attributed to the formation

FIG. 1. (a) Photoelectron spectra of the Ag(0.2 nm)/ZnPc sample under laser

irradiation of different individual wavelengths. The sample was biased at

�10.0 V. (b) Intensities of the photoelectron peak under irradiation of the

individual laser wavelengths.

FIG. 2. Variation of the photoelectron spectra of the ZnPc film under incre-

mental Ag deposition (0.5, 1.0, 3.0, 10.0, 20.0 nm). Left panel: Secondary

electron cutoff region. The sample was biased at �5.0 V during the measure-

ments. Right panel: Around the Fermi level. No bias voltage was applied to

the sample.
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of an interfacial dipole layer.1–5 Several mechanisms have

been proposed as to the origin of this interfacial dipole.2,10,11

In the present case, weak chemical interaction between ZnPc

and Ag is probably the main mechanism. The shape of the

HOMO peak of ZnPc showed no significant change after the

deposition of Ag. A strong chemical interaction may distort

the shape of the HOMO peak.12 From the direction of the

vacuum level shift at the Ag/ZnPc interface, it is expected

that an interfacial dipole layer was formed with the posi-

tively charged Ag and the negatively charged ZnPc. Note

that the interfacial dipole was localized at the Ag/ZnPc inter-

face. The effect of this interfacial dipole on the vacuum level

shift at the surface decreased with increasing Ag thickness.

The effective barrier height for the photoelectric emission

was therefore smallest for the smallest Ag thickness and

increased with Ag thickness. In addition, the dispersion of

Ag in the ZnPc layer may have disturbed the effect of the

interfacial dipole. In Fig. 2, the HOMO peak of ZnPc

appears in the spectrum of the Ag (20 nm)/ZnPc sample.

Photoelectron spectroscopy is a surface-sensitive technique

because of the short mean-free path of the photoelectron in

the solid; an electron with a kinetic energy of 30–40 eV has a

mean-free path of only a few nanometers. Thus, the presence

of the HOMO peak of ZnPc in the Ag (20 nm)/ZnPc spec-

trum suggested that part of the ZnPc remained near the sam-

ple surface even after the deposition of thick Ag. We

suppose Ag particles during the vacuum deposition have a

large momentum and may diffuse into the ZnPc layer.

Indeed, the migration of metal particles into organic layers

during thermal deposition has been reported.13 A disordered

distribution of the Ag particles in the ZnPc layer can disturb

the formation of the aligned interfacial dipole.

Next, we discuss potential mechanisms of the anoma-

lous photoelectric emission other than the interfacial dipole.

As described, the work function of the Ag (0.5 nm)/ZnPc

(15 nm) film was estimated to be 3.9 eV by the photoelectron

spectroscopy. There is obvious deviation from the threshold

energy for the anomalous photoelectric emission (3.4 eV).

Other probable mechanisms accounting for photoelectric

emission at smaller photon energy than the work function of

the individual materials include two-photon photoelectron

emission (2PPE),14–16 exciton fusion,17 and surface-plas-

mon-assisted (SPA) photoemission.18,19

In general, the 2PPE process is observed under high con-

centrations of light created by high-intensity laser light with

femtosecond-order pulse width. In the present measurement,

the photon concentration was too small to cause 2PPE. In

addition, in the case of 2PPE, the photoelectron intensity

should be proportional to the square of the light intensity. The

light power dependence of the photoelectric emission intensity

of the Ag (0.5 nm)/ZnPc (15 nm) sample is shown in Fig. 4.

The emission intensity was linearly dependent on the light in-

tensity. This result indicates that the observed photoelectric

emission was the result of a single-photon process. Moreover,

the photoelectron spectrum caused by 2PPE would have a rel-

atively long tail toward higher kinetic energy. The spectral

width of the present anomalous photoelectric emission was

less than 0.3 eV with no tail at higher kinetic energy, as seen

in Fig. 1. These results exclude the possibility of 2PPE in the

present phenomenon. For exciton fusion, the photoelectron in-

tensity should also be increased by the square of the light

power.17 Exciton fusion is therefore also excluded as the ori-

gin of the present anomalous photoemission.

SPA photoemission is an enhancement of photoemission

yield in the range of surface-plasmon absorption of metal

surfaces. Callcott and Arakawa have demonstrated the

enhancement of the photoemission yield of thin films of Al by

surface-plasmon resonance.18 Koschmieder and Thompson

have also reported that the incident energy dependence of the

photoemission yield from (4-methyl pyridine)-covered Ag

films showed peaks at the surface and the bulk plasmon reso-

nance.19 Although anomalous photoelectric emission was not

observed in either case, these studies suggest that surface plas-

mons affect the photoelectric emission in the range of the

plasmon resonance. In general, Ag surface plasmons are

excited by light of around 400 nm in wavelength. In the con-

sideration of surface plasmons, the structure of Ag on the sam-

ple surface is important. To investigate the structure of the

Ag/ZnPc surface, we observed the morphology of the Ag on

the ZnPc surface using atomic force microscopy (AFM) and

transmission electron microscopy (TEM). For AFM measure-

ments, the sample consisting of Ag (0.5 nm)/ZnPc (20 nm) on

ITO substrate was examined. Ag particles of less than 10 nm

in diameter were found to be dispersed on the ZnPc grains.9

FIG. 4. Light intensity dependence of the intensity of the photoelectron sig-

nal from the Ag (0.5 nm)/ZnPc (15 nm) sample under white light irradiation.

The intensity of the photoelectron signal has been normalized to that of the

100% value.

FIG. 3. Ag thickness dependence of the photoelectron signal intensity (black

circles) and the vacuum level shift (DVac) (red squares).
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As mentioned above, the Ag thickness measured by the quartz

microbalance was nominal. Thus, it was possible that the Ag

existed on the ZnPc layer in the form of small particles having

sizes in the range of the small thickness. The TEM image of

the sample consisting of Ag (0.5 nm)/ZnPc (10 nm) on carbon

grid also showed a similar structure.9 The average cross-

sectional size of the Ag particles on the ZnPc surface was

approximately 5 nm. It has been reported that free Ag clusters

of 6–30 nm in size show surface-plasmon absorption at around

3.4–3.7 eV.20 The surface plasmons of Ag on ZnPc may also

be generated by absorption of light of similar energy range,

although the resonance energy for these surface plasmons

would differ from that of free Ag clusters. Tatsuma and co-

workers have proposed the occurrence of plasmon-induced

charge separation between TiO2 and Ag nanostructures.21,22 A

similar mechanism may have assisted the escape of the elec-

trons from the Ag to the vacuum. At this point, the effect of

the SPA photoemission on the anomalous photoelectric emis-

sion is not clear. However, the discrepancy between the work

function of the sample estimated by photoelectron spectros-

copy and the threshold energy of the anomalous photoelectric

emission infers that the energy of the probe light may affect

the process of electron escape from solid surfaces. Further

research is now in progress.

In conclusion, we have demonstrated that anomalous

photoelectric emission from an Ag/ZnPc surface occurs

under 3.4 eV light irradiation. Although the reason for the

discrepancy observed between the threshold energy of the

photoelectric emission (3.4 eV) and the estimated work func-

tion of the surface by synchrotron photoelectron spectros-

copy (3.9 eV) is not yet clear, a decrease in the effective

work function of Ag caused by the interfacial dipole at the

Ag/ZnPc interface and SPA photoemission are probably the

key mechanisms of the anomalous photoelectric emission.

From an application viewpoint, the present phenomenon

may be useful for the fabrication of photodiodes or photo-

cathodes that work in the near-UV region. The simple struc-

ture and preparation method of this system are additional

advantages for such applications. For example, the present

work may be applicable to the fabrication of a planar elec-

tron source. It would also be interesting to combine this

system with a transparent flexible substrate, such as an ITO-

coated polyethylene terephthalate film.
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