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Photoluminescence properties and excited state dynamics of monolayer perylene on graphite (0001)
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The correlation between the photoluminescence properties and excited state dynamics of perylene (C20H12)
formed on a graphite (0001) substrate was investigated at the monolayer limit. Time-resolved two-photon
photoemission spectroscopy was used to evaluate the lifetime of the excited state on the order of nanoseconds.
On the molecular monolayer films, this unexpectedly long lifetime at the interface is significantly different
from those typically observed for adsorption-induced electronic states, where ultrafast decays on the order of
femtoseconds are dominant with electron/hole scattering. On the graphite (0001) surface, the standing molecular
orientation of perylene indicates that the excited states are electronically decoupled from the substrate, which
results in the suppression of the ultrafast nonradiative decay. As a result, orange light luminescence (610 nm)
is observed with visible strength, which is ascribed to the deexcitation from the excited state of the dimeric
molecular arrangement at the interface. Understanding the photoluminescence properties at the organic/electrode
interface could be a key to the realization of organic optoelectronic thin-film devices with only a few molecular
layers.

DOI: 10.1103/PhysRevB.108.205422

I. INTRODUCTION

Organic semiconductors have been widely utilized in
recent decades for optoelectronic devices such as photode-
tectors, light-emitting diodes, and solar cells [1,2]. Despite a
wide range of applications, elucidation of the physical princi-
ples that control the optical excitation/deexcitation processes
at the organic/electrode interface remains a subject of intense
research. In particular, an understanding of the optoelectronic
properties at the organic/substrate interface is indispensable to
realize ultrathin organic electroluminescence devices with a
few molecular layer thicknesses [3,4]. However, experimental
investigation of the photoluminescence (PL) properties has
been limited and thus not thoroughly investigated to date,
because the excited electrons, holes, and their pairs, i.e., ex-
citons at the interface, are quickly quenched on the order
of femtoseconds before light emission. Electron-hole pair
recombination (exciton quenching) is enhanced due to the
close contact with the substrate that acts as an efficient decay
route. Here, the hybridization of the molecular orbital with
the electronic states of the substrate plays a crucial role in the
ultrafast decay of the excited state [5–8].

In this context, we envisage interface design strategies to
suppress the nonradiative decay affected by the substrate.
As an appropriate choice of a highly fluorescent molecule,
perylene (C20H12) [9–15] is adopted as a model molecule [see
the inset of Fig. 1(a) for the molecular structure]. Perylene
has been an essential organic molecule that is used as a ba-
sic structural unit for the production of various derivatives
for organic device materials [1,2]. For example, the perylene
unit can be incorporated with designed cofacial arrangements
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as a chromophore [16,17]; this molecule exhibits PL that is
characteristic of the excited state of the dimer, i.e., excimer.

The growth of perylene on various substrates has been
investigated in the past to investigate molecules that directly
contact electrode surfaces [18–23]. On a metallic substrate,
the perylene molecule typically adopts flat-lying adsorption
with its molecular plane parallel to the substrate, which re-
flects the effectiveness of its substrate-molecule interaction
[18–23]. In this study, a graphite substrate was adopted, where
the substrate-molecule interaction is generally considered to
be weaker than that of metal substrates. At low temperatures
around 80 K, a film with a thickness of one monolayer (1
ML) on a graphite substrate was identified with a long-range
ordered structure [24]. Scanning tunneling microscopy (STM)
was used to confirm the standing molecular orientation with
its short molecular axis parallel to the substrate (see Supple-
mental Material, Fig. S1 [25]; see also [26–31]). A face to face
molecular arrangement composed of the dimer is preferred on
a graphite substrate, which indicates that the intermolecular
interaction dominates over the substrate-molecule interaction.
Therefore, the perylene/graphite interface can be a model
system to observe PL in a well-defined environment without
the complexity of actual devices.

In this study, the time-dependent excited state dynamics
at the perylene/graphite interface was tracked from a fem-
tosecond timescale using two-photon photoemission (2PPE)
spectroscopy [32–36]. The formation of the excited state is
responsible for the visible light emission, and time-resolved
2PPE (TR2PPE) revealed an extremely long lifetime close to
the order of nanoseconds. This exceptionally long lifetime of
the excited state at the interface is unusual compared to those
observed for adsorption-induced states, such as those de-
rived from the lowest unoccupied molecular orbital (LUMO)
and unoccupied surface states. In the case of the monolayer
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FIG. 1. (a) Photoluminescence (PL) spectra of perylene on
single-crystalline graphite as a function of deposition time. Perylene
films were excited by a UV light at a photon energy of 4.70 eV (263
nm). The substrate was kept at room temperature (298 K) during the
deposition and measurements. The inset shows the molecular struc-
ture of perylene. (b) Deposition time dependent PL area intensities
integrated from the energy window between 1.6 and 2.7 eV. The
sigmoid function (red curve) is overplayed to guide the eye.

crystalline film investigated here, the formation of the excited
state with a long lifetime is responsible for PL, by suppressing
nonradiative decay to the substrate.

II. EXPERIMENTAL METHODS

All experiments were conducted under ultrahigh-vacuum
(UHV) conditions with a base pressure of less than 1 × 10−10

Torr. Two independent UHV systems were used; one is de-
signed for TR2PPE spectroscopy [37] and the other is for
PL spectroscopy and low-energy electron diffraction (LEED)
measurements [24]. Two-photon photoemission experiments
can also be conducted in the latter PL/LEED chamber. There-
fore, the film thickness and homogeneity of monolayer films
formed in each UHV system can be cross-checked by mon-
itoring the 2PPE spectra. In 2PPE, an image potential state
(IPS) can be detected on the graphite substrate as well as on
uniform monolayer films [38]. IPS is an unoccupied surface
state; therefore, IPS can be utilized as a sensitive probe to
determine the coverage. After completion of the monolayer
film in layer by layer growth mode, the IPS on the substrate
(IPSHOPG) disappears, and instead, the IPS on the monolayer
film (IPSperylene) appears [24,37]. (See also Fig. 3.) The maxi-
mum coverage of perylene on the room-temperature substrate
is restricted to 1 ML, and multilayer growth was not detected
[24,37].

The experimental details of the PL spectroscopy measure-
ments have been reported previously [24]. Briefly, perylene
films were excited by a UV light at a photon energy of 4.70 eV
(263 nm). The UV light was generated by frequency tripling
the output of a titanium sapphire laser (MaiTai, Spectra-
Physics) operated at a repetition rate of 80 MHz and with
a pulse width of 110 fs. The p-polarized light was focused
on the sample surface with a concave mirror and the power
of the laser light was set to less than 0.13 nJ/pulse to avoid
degradation of the films.

One-color 2PPE measurements were conducted; i.e., the
pump and probe lights were identical. UV light with photon
energies from 4.16 to 4.77 eV was employed and the light was

FIG. 2. (a)Temperature-dependent PL spectra for a 1 ML pery-
lene film. As the temperature increases, the peak at around 2.0 eV is
weakened and broadened toward the higher-energy side. The black
arrow indicates the spectroscopic feature known as the Y (yellow)
emission. (b) Contrast-enhanced LEED pattern for a 1 ML perylene
film acquired at 90 K. The primary energy of the electron beam
(Ep) was 37.0 eV. The reciprocal unit cells along with the three
crystallographic directions are shown and some simulated spots are
highlighted with red points. Circles indicate absent diffraction spots
due to the glide plane symmetry. Black lines indicate the directions
of one of the reciprocal lattice vectors of the substrate. (c) LEED
pattern of a 1 ML perylene film acquired at 298 K and Ep = 36.9 eV.
Less-ordered molecular distribution was observed, as characterized
by the disk-shaped background with diffuse spots. (d) Photographs
taken during the temperature-dependent PL measurements. As the
temperature increased, a change in the PL color was observed from
orange to yellow-green.

shared with that used for the PL spectroscopy. Photoelectrons
were detected with an angle-resolved hemispherical energy
analyzer (R3000, VG-Scienta) and the overall energy resolu-
tion, including the bandwidth of the laser light, was typically
less than 30 meV [37,38].

Two types of graphite were employed as substrates. Highly
oriented pyrolytic graphite (HOPG; Panasonic) was used for
2PPE. Single-crystalline graphite (SCG; a naturally occurring
material purchased from Naturally Graphite) was used for
LEED measurements because high crystallinity is essential
for diffraction measurements. The substrates were cleaved in
air and heated at 670 K for more than 60 h under UHV to
ensure outgassing from the interlayer spacing. The superstruc-
ture of perylene showed no difference on the HOPG and SCG
substrates [37,38]. The spectroscopic features in the 2PPE
and PL measurements also showed no difference for either
substrate.

Commercially available perylene reagent (> 98%, Tokyo
Chemical Industry Co. Ltd.) was purified by three cycles
of sublimation under high vacuum (< 10−6 Torr) prior to
the measurements. Perylene was deposited onto the room-
temperature (298 K) substrate from a quartz crucible heated at
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FIG. 3. Photon energy dependent 2PPE spectra of 1 ML perylene films on HOPG acquired at room temperature [(a1,a2), at 298 K] and
low temperature [(b1,b2), at 90 K]. The vertical dotted lines are shown to highlight the peaks derived from unoccupied states. The traces in the
right-hand panels are expanded by factors of 3 (298 K) and 300 (90 K) relative to those in the left-hand panel. H0 indicates the peak derived
from the HOMO. L0 and L1 indicate the peaks derived from LUMO and the next LUMO (LUMO + 1), respectively. Ly and Lz are other
unoccupied molecular orbitals. IPSperylene (n = 1) indicates the first (n = 1) image potential states on the 1 ML perylene film. EX indicates the
peak derived from the excited states of dimers. It should be noted that the EX peak was observable at (b1) low temperature but not at (a1) room
temperature. F1 and F2 indicate the final states, i.e., unoccupied states above the vacuum level. (a3,b3) represent schematic energy diagrams
of PL at 298 and 90 K, respectively.

373 K, while maintaining a background pressure of 1 × 10−8

Torr.

III. RESULTS AND DISCUSSION

A. Coverage-dependent PL spectroscopy

Figure 1(a) shows deposition time dependent PL spectra
of perylene on graphite. The substrate was kept at room tem-
perature (298 K) during the deposition and measurements. As
the deposition time increased, the intensities of the spectro-
scopic features A (2.15 eV), B (2.40 eV), and C (2.55 eV)
increased. Perylene crystals are known to adopt two poly-
morphs, i.e., dimeric α-crystal and monomeric β-crystal, and
the PL spectra of each polymorph have been reported [9–11].
The PL spectral features in Fig. 1(a) are different from those
of crystals; the peak position of A was shifted from that of
an α-crystal and the spectroscopic feature of peak B was
less prominent than that of a β-crystal. Therefore, the film
possesses a structure different from α- or β-crystals, which
is consistent with the room-temperature LEED pattern of the
1 ML film shown in Fig. 2(c), where less-ordered molecular
distribution was observed as characterized by the disk-shaped
background with diffuse spots.

Figure 1(b) summarizes the PL area intensities in Fig. 1(a)
integrated over the energy region between 1.6 and 2.7 eV. The

PL intensities were almost saturated over 50 min deposition.
In previous studies [24,38–40], it was reported that the maxi-
mum perylene coverage on a room-temperature substrate was
1 ML, and subsequent molecular layers could not be grown
in UHV (see also Supplemental Material, Fig. S2 [25]). The
saturation of the PL intensity in Fig. 1 is consistent with
the maximum coverage of 1 ML, as already reported in this
system [24,37].

B. Temperature-dependent PL spectroscopy

Depending on the substrate temperature, the PL spectra
varied with the change in the film structure. Figure 2(a) shows
temperature-dependent PL spectra for a 1 ML perylene film.
At 90 K, visible light PL with a wavelength of approximately
610 nm was observed. At low temperatures, a superstructure
with long-range order was formed, as shown in the LEED
pattern in Fig. 2(b) (see Supplemental Material, Fig. S1 [25]).
Previous STM study [24] indicates that the superstructure
consists of perylene with a standing molecular configuration
and a paired molecular (dimer) arrangement. Therefore, the
PL with a wavelength of approximately 610 nm can be as-
cribed to the PL from the excited state of the dimer, i.e.,
excimer.

The topmost PL spectrum in Fig. 2(a) was acquired at
90 K; a weak shoulder was observed, as indicated by the
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black downward arrow, which corresponds to the so-called
yellow (Y) emission. In α-perylene crystals, it was reported
that the Y emission is significantly enhanced at temperatures
lower than 90 K [9,41–43]. The origin of the Y emission is a
metastable excimer, derived from the two next-nearest parallel
molecules [43]. The observation of Y emission on the film on
the graphite substrate is reasonable because molecules are ar-
ranged in a dimeric form similar to the case of an α-crystal. At
low temperatures around 105–140 K, the overall PL spectral
features are close to those reported for α-crystals [9–11]. A
small difference at the peak top in the PL spectra is recognized
between the perylene α-crystals [9–11] and monolayer film at
90 K, on the order of less than 0.1 eV. We speculate that the
deviation is derived from the difference in the morphology
between the film and crystal, i.e., the packing density and/or
orientation of molecules.

Figure 2(d) shows a series of photographs taken during
the temperature-dependent PL measurement. The PL from
monolayer film was observed not only with the spectrometer
but also directly with visible strength. As the substrate tem-
perature increased, the color of the PL changed from orange to
yellow-green, which is consistent with the changes in the PL
spectra in Fig 2(a), where the strong PL spectra at low temper-
atures shifted and broadened toward the higher-energy side.
From a structural point of view, the temperature-dependent
quenching of the PL peak at 610 nm in Fig. 2(a) is related
to the loss of the dimer structure, as characterized by the
temperature-dependent LEED patterns in Figs. 2(b) and 2(c).
As in the LEED, STM, and 2PPE results reported previously
[24,37], the changes in the PL spectra in Fig. 2(a) were re-
versible with respect to the substrate temperature.

When we assume that the lifetime of the photolumines-
cence event is on the order of nanoseconds as reported in the
case of dimeric α-crystal [12,13], the spectral width of the PL
peak should be less than 1 meV, by considering the uncertainty
principle that holds between time and energy. In the cases of
single molecules adsorbed on the surface [44] or molecules
in liquids [45], PL features with very narrow linewidth were
reported. However, Fig. 2 shows that the full width at the
half maximum (FWHM) of the PL peak is larger than 0.5 eV,
and this value is comparable to that observed for the perylene
crystals [9–11]. Here, it should be noted that the monolayer
film measured in this study is different from the molecules
free from intermolecular interaction. Different from the case
of single molecules, the electronic states of molecular films
are not discrete but broadened by the energy band formation,
thus resulting in the broadening of the PL spectra.

C. Energy level landscape related to PL

Spectroscopic measurements will provide evidence to eval-
uate the energy level diagram with visible light emission
at the perylene/graphite interface. In this context, 2PPE can
be a powerful technique with the ability to investigate both
occupied and unoccupied states in the vicinity of the Fermi
level (EF) [32–36]. Figure 3 shows 2PPE spectra of a 1 ML
perylene film acquired at 298 K [Figs. 3(a1) and 3(a2)] and 90
K [Figs. 3(b1) and (b2)] (see also Supplemental Material, Fig.
S3 [25] for logarithmic scale representation of Fig. 3(b1)). The
spectra acquired with different photon energies are placed on

an intermediate energy scale defined as Ek–hν, where Ek indi-
cates the kinetic energy of a photoelectron with respect to the
EF and hν indicates the photon energy. The peak assignments
are based on the procedure reported for sub-ML films [37]
and the detailed procedures of the peak assignments are sum-
marized in the Supplemental Material, Fig. S4 [25]. Briefly,
the highest occupied molecular orbital (HOMO, H0), LUMO
(L0), the second lowest LUMO (L1), and the first member of
the image potential states [IPSperylene(n = 1)] were assigned
close to the energy position reported for sub-ML films [37].
F1 and F2 in Fig. 3(b1) were assigned as the unoccupied
state above the vacuum level. For the other unoccupied Lz
and Ly features, DFT calculations for a free molecule [37] did
not predict the corresponding levels between the L0 and L1;
therefore, the origin of the Lz and Ly are left unassigned in
the current stage.

Upon lowering the substrate temperature, as shown in Figs.
3(b1) and 3(b2), energy shifts in the peak positions were
observed for the unoccupied states [L0, Ly, L1, IPSperylene

(n = 1), up to 0.1 eV] and the occupied state (H0, ca. 0.3 eV).
The most striking difference is the appearance of the intense
unoccupied EX peak at low temperatures. The EX peak was
observed synchronously with the appearance of orange light
emission centered at around 610 nm. At low temperatures, the
lowest unoccupied level L0 at EF + 1.75 eV was assigned;
however, the EX peak appeared at EF + 1.05 eV, lower than
the L0 level. We consider that the deexcitation of the EX
state corresponds to the PL from the excimer, as schematically
shown in Fig. 3(b3).

In the 2PPE experiments conducted at low temperatures,
the energy difference between HOMO and LUMO is 3.1 eV
(judged from the peak top energy position; see Supplemental
Material, Fig. S5 [25]), and the corresponding photolumines-
cence photon energy is centered at 2.0 eV [see Fig. 2(a)]. In
the case of the dimeric α-crystal, the HOMO-LUMO tran-
sition is assigned at 2.98 eV [13] and photoluminescence
photon energy is reported to be 2.1 eV [9,13]. By taking the
exciton binding energy to be about 0.9–1.1 eV, the energy
difference between the HOMO-LUMO gap and photolumi-
nescence photon energy is roughly in agreement for crystals
and monolayer film reported in this study. In 2PPE, the energy
difference between HOMO-EX (2.4 eV) and the photolu-
minescence photon energy is 0.4 eV. We have performed
experiments with some experimental runs and confirmed that
this difference is not an artifact but intrinsic. In our experimen-
tal setup, we observed photoemission at around the �̄ point at
the surface Brillouin zone. In the case of crystals, the band
structure of the HOMO and LUMO is not flat but dependent
on the wave vector [13]. Therefore, specific band structures
may contribute to the energy difference between HOMO-EX
(2.4 eV) and the photoluminescence photon energy (2.0 eV);
the optical band gap different from that evaluated at the �̄

point may contribute to the energy difference.
As the substrate temperature increased, the intense EX

peak lost its intensity and broadened with the tail component
toward the higher-energy side, as shown in Fig. 3(a1). In
addition, the HOMO level shifted ca. −0.3 eV, which is also
summarized in the Supplemental Material, Fig. S5 [25]. The
temperature-dependent 2PPE behavior is linked to the change
in the PL spectra. In Fig. 2(a), the PL spectra were broadened
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and the overall PL intensity decreased with an increase in the
substrate temperature. As schematically shown in Figs. 3(a3)
and 3(b3), the synergistic effect of the EX peak broadening
and the energy shift of the HOMO toward higher binding en-
ergy contribute to the widening of the gap between the HOMO
and EX, which leads to the higher photon energy emission
at around room temperature. Using temperature-dependent
2PPE and PL spectroscopy, the deexcitation process via pho-
ton emission can thus be interpreted for organic films with a
single monolayer thickness.

D. Correlation between PL properties and excited
state dynamics

The 2PPE technique is based on pump-probe spectroscopy
using ultrafast pulses [32–37]. Therefore, the time-dependent
behaviors of excited electrons with photoholes, the formation
of electron-hole pairs (excitons), and charge transport prop-
erties can be tracked from the femtosecond timescale. By
focusing on the 1 ML perylene films at low temperatures, as
shown in Figs. 3(b1) and 3(b2), the excited state dynamics
is tracked and the correlation with the PL properties can be
discussed. Time-resolved experiments at room temperature
were difficult because the film was less ordered [see Fig. 2(c)]
and the one-photon photoemission peak overlapped with un-
occupied states that are responsible for PL.

Figure 4(a) shows a series of time-resolved 2PPE spectra
for a 1 ML perylene film acquired at 90 K. To track the
time-dependent event of 2PPE peaks assigned in Fig. 3, the
photon energy was set at 4.77 eV for off-resonant conditions.
In Fig. 4(a), the spectrum acquired at a 100 ps delay time was
subtracted from the raw 2PPE spectrum (see Supplemental
Material, Fig. S6 for raw TR2PPE spectra [25]). Time traces
of the peak intensities for L0, L1, and IPSperylene (n = 1)
are shown in Figs. 4(b)–4(d), respectively. A pulse width of
110 fs was used for quantitative analysis of the time traces.
This value was determined from time traces of autocorrelation
measured on a clean HOPG substrate at a photoelectron en-
ergy of EF + 2.0 eV. This energy corresponds to the position
just above the unoccupied π∗ band and the lifetime of the
excited electron was reported to be less than 20 fs [46,47],
which is shorter than the pulse width determined in this study.
This pulse width was tentatively adapted without further pulse
compression to maintain the energy resolution of the 2PPE
spectra.

In Figs. 4(b)–4(d), the fitted curves (red) were convoluted
using the autocorrelation of the laser pulse (black) and the life-
time of the corresponding components (blue). The lifetimes
in Figs. 4(b)–4(d) were evaluated on the order of 50–60 fs,
which corresponds to almost half of the pulse width. In the
case of the first member of IPS [IPS (n = 1)] observed on
the monolayers of phthalocyanines and polyaromatic hydro-
carbons, the reported lifetimes typically range from 20 to 40
fs [48,49]. Therefore, the lifetime of the IPS (n = 1) observed
in this study (62.2 fs) is considered to be the minimum lifetime
that can be evaluated in the current experimental setup.

On the other adsorption-induced states of L0 and L1 shown
in Figs. 4(b) and 4(c), the lifetimes were on the order of
50–60 fs. The observed ultrafast lifetimes indicate that excited
charges are short lived and decay mainly via a nonradiative

FIG. 4. (a) Time-resolved 2PPE spectra for a 1 ML perylene film
acquired at 90 K and at a photon energy of 4.77 eV. The spectrum
acquired at 100 ps delay time was subtracted from the raw 2PPE
spectrum. (b–d) Pump-probe delay time dependence of intensities
for (b) LUMO, (c) LUMO + 1, and (d) IPSperylene (n = 1). The pulse
width of the laser light was 110 fs, determined on a clean graphite
substrate. In (b–d), open circles indicate experimental data points.
Black, blue, and red lines indicate the components of autocorrelation
(AC) of the pump-probe pulses, exponential decay, and the summa-
tion of these two components (black and blue lines), respectively. For
(b–d), the estimated lifetimes were on the order of 50–60 fs, close to
the detection limit in the current experimental setup.

pathway to the substrate. As a possible scenario for the ultra-
fast decay in Figs. 4(b) and 4(c), the charge transfer across the
molecule/substrate interface can be considered. For example,
in the case of the LUMO-derived level of a rubrene monolayer
film on HOPG [50], the hybridization of the film and substrate
wave functions were reported. As a result, holes exist partly
in the substrate and are quickly screened after excitation. In
this system with perylene on graphite, although the interaction
between the molecule and substrate is moderate due to the
standing molecular orientation, electrons in the LUMO and
LUMO + 1 can be quenched within an ultrafast timescale.
The hole in the HOMO-derived level will also be quickly
filled by the electron in the substrate, due to hybridization
of the molecular orbital with that of the substrate. As an-
other competitive pathway for quenching, the energy transfer
process, i.e., the excitation transfer via Coulombic field cou-
pling, should also be examined [51,52]. Perylene/graphite has
a maximum coverage of 1 ML, so that coverage-dependent
measurements are not possible; therefore, we cannot distin-
guish whether the energy transfer to the substrate is a primary
decay process or not. Here we could conclude that the ultrafast
decay to a sea of electrons on the substrate occurs in the
case of the adsorption-induced states as shown in Figs. 4(b)
and 4(c).
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FIG. 5. (a) Time-resolved 2PPE spectra of the EX peak for a
1 ML perylene film. The spectra were acquired at 90 K using a
photon energy of 4.77 eV. (b) Delay time dependent intensities of
the EX peak (red open circles) and estimated changes of EX peak
intensities with specific lifetimes (exponential decay curves shown
with solid lines). Unlike the time-resolved traces shown in Fig. 4, the
intensities are almost constant with the small fluctuation of the data,
which indicates the formation of an apparent steady state within the
measured timescale.

Next, we focus on the EX peak observed at low temper-
atures, for which the visible light emission is responsible.
Figure 5(a) shows time-resolved 2PPE spectra of the EX
peak for a 1 ML perylene film at 90 K. The spectral fea-
tures are almost unchanged, irrespective of the delay time,
and this behavior is completely different from that observed
for adsorption-induced states discussed in Fig. 4. Figure 5(b)
shows delay time dependent intensities of the EX peak. The
EX peak intensities fluctuate within the experimental error but
are almost constant within the maximum pump-probe delay
of 250 ps in the current experimental setup. From Fig. 5(b), it
seems as if a steady state is formed with a quite long lifetime;
the spectral features did not change and showed no tendency
to decrease in intensity and peak shift. In Fig. 5(b), changes in
EX peak intensities are simulated with specific lifetimes, and
the lifetime of the EX state is estimated to be at least on the
order of nanoseconds. Full lifetime tracking at the nanosec-
ond scale is outside the range of pump-probe spectroscopy.
Therefore, streak camera based PL spectroscopy should be
conducted in future studies to track longer lifetimes on the
order of nanoseconds as reported for dimeric α-crystals [53].
In this study, the dimeric form of the perylene monolayer was
formed on the low-temperature substrate; therefore, the obser-
vation of a lifetime estimated on the order of nanoseconds is
in agreement with that reported for dimeric α-crystals.

Photon emission from ultrathin organic films with a thick-
ness of 2 ML or thicker has been reported for perylene [18]
and its derivatives to date [5–8]. The difference from previous
studies is that luminescence quenching via nonradiative decay
is suppressed on the graphite substrate reported herein, due to
the reduced substrate-molecule interaction. More recently, the
difference in the efficiency ratio of PL was observed by the
systematic variation of the thickness and substrate material
[7,8]. It was reported that the exciton relaxation rate is en-
hanced more on the chemisorbed system than the physisorbed
system. Noble metals were used as substrates in these studies

[5–8,18], and it is suggested that the strong quenching of
excitons across the interface is related to the wave function
overlap with that of the metals. In addition, in the case of a
perylene derivative monolayer on Ag(111) [8], the presence of
an interface state was found to facilitate the transfer of excited
carriers at the interface.

In this study, the excimer emission from the perylene 1
ML film was observed because luminescence quenching is
suppressed due to the weak substrate-molecule interaction.
In addition, no interface state that enhances charge trans-
fer [8] was observed by 2PPE. As reported previously [24],
STM images revealed the face to face dimer arrangement
with a standing molecular configuration. Decoupled from
the substrate, hybridization of the wave functions between
the molecule and the substrate is suppressed, which thus
opens a decay channel via PL. For perylene α-crystals, the
formation of self-trapped excited states by the excimer was
reported [12,13] with long lifetimes over several hundreds of
picoseconds. Different from free excitons delocalized over the
film, self-trapped exciton formation can be mediated by the
exciton-phonon coupling, and a similar scheme is suggested
for highly luminescent crystals such as pyrene and perylene
[9]. In the case of the 1 ML perylene film investigated in this
study, the formation of the corresponding self-trapped state
might act as a transient state that leads to PL.

IV. CONCLUSIONS

In summary, we have clarified the correlation between
the PL properties and excited state dynamics of a perylene
monolayer film formed on a graphite surface. The PL proper-
ties show temperature-dependent behavior associated with the
change in the superstructure. Photon energy dependent 2PPE
indicated that the formation of the excited state is responsible
for the light emission with visible strength. TR2PPE reveals
the formation of the excited state with a lifetime on the order
close to nanoseconds. The long lifetime can be understood in
the framework of the reduced substrate-molecule interaction;
decoupling from the substrate, the excimer does not undergo
the ultrafast charge transfer associated with electron/hole scat-
tering to the substrate. The combination of LEED/STM and
PL spectroscopy clarified the correlation between the film
structure and PL properties, and TR2PPE shows the long
lifetime of the excited state that is responsible for visible
photon emission at the monolayer limit. We consider that this
study provides insight into the excited state carrier dynamics
at the interface, which is important for understanding electron
transfer and optoelectronics phenomena induced by adsorbed
molecules.
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