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Imaging of ultrafast photoexcited electron dynamics in
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Understanding molecular film growth on substrates and the ultra-
fast electron dynamics at their interface is crucial for advancing
next-generation organic electronics. We have focused on studying
the ultrafast photoexcited electron dynamics in nanoscale organic
crystals of an aromatic molecule, pentacene, on a two-dimensional
material of graphite substrate. Through the use of time-resolved
two-photon photoelectron emission microscopy (2P-PEEM), we
have visualized the ultrafast lateral evolution of photoexcited elec-
trons. By resonantly tuning the incident photon to excite penta-
cene molecules, polarization-dependent 2P-PEEM has revealed
that pentacene nanocrystals (sub- to several pm) on the substrate
exhibit a preferential orientation, in which a molecular w-orbital
contacts the substrate in a “lying flat” orientation, facilitating elec-
tron transfer to the substrate. The time-resolved 2P-PEEM captures
the motion of excited electrons in a femto- to pico-second time-
scale, clearly imaging the ultrafast charge transfer and lateral
expansion two-dimensionally on the graphite substrate. Moreover,
we found that the lying-flat molecular orientation of pentacene
nanocrystals is transformable into a “standing-up” one through
gentle heating up to 50 °C. These experimental insights using
time-resolved 2P-PEEM will be highly valuable in enhancing the
photofunctionalities of organic electronic devices by controlled
molecular deposition.

Introduction

Organic electronics represent one of the most significant tech-
nological advancements of the early 21% century, providing the
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ability to create low-cost, lightweight, and flexible electronic
components, such as electroluminescent devices, solar cells,
and field-effect transistors. Although thin films of
n-conjugated organic molecules serve as the basis for these
devices, their performance is limited because of the inherently
inhomogeneous growth of organic crystals on the substrate
surface, resulting in sub- to several micron-sized nanocrystal
domains, which is in contrast to inorganic semiconductors
that are well-controlled by epitaxial crystallization coupled
with lattice matching."

In general, the performance of organic devices is governed
by ultrafast carrier dynamics within organic films and at the
organic-substrate interface, which are significantly influenced
by the inhomogeneous growth of organic crystals on a sub-
strate. The crystallinity and crystal axis of organic aggregates
attached to substrates (electrodes) strongly affect the injection/
ejection and separation properties of photogenerated active
carriers at the interface.””” Therefore, to advance organic elec-
tronics in the next generation, it is necessary to develop a
methodology capable of simultaneously elucidating both the
crystal growth of organic molecules on substrates and ultrafast
carrier dynamics in such an inhomogeneous system.

Recent efforts have focused on microscopically investigating
the crystal growth of organic molecules deposited on sub-
strates, in which the substrate properties, deposition tempera-
ture, and flux are the key parameters that greatly influence the
growth mode.*"* Meanwhile, for the ultrafast carrier dynamics
of organic crystals on the substrate, spectroscopic characteriz-
ations of electronic states have been performed using
ultrafast light sources."®'® To fully understand and optimize
device functionality, it is imperative that these microscopic
and spectroscopic characterizations should be conducted
simultaneously.

For the microscopic characterizations of organic
crystals grown on substrates, ultraviolet or X-ray spectroscopy
combined with nanoscale focusing can simultaneously
characterize the orientation of organic nanocrystals and elec-
tronic states.’”'® Scanning tunneling microscopy/spectroscopy
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(STM/STS) can be used to resolve the growth of organic mole-
cules with an atomic resolution and point-by-point electronic
structure.”*>* Photoelectron emission microscopy (PEEM) is
another promising experimental approach that directly images
the lateral distribution of photoemission with a spatial resolu-
tion of a few tens of nm.>?*7° It is worth noting that the latest
PEEM apparatus can achieve energy and momentum resol-
utions as a “momentum microscopy” or “orbital tomography”,
which enables local photoelectron spectroscopy on a single
organic crystal domain.>*"*?

To access ultrafast dynamics of organic crystals and crystal-
substrate interfaces in energetic and spatial dimensions, the
aforementioned experimental approaches should be combined
with a femtosecond light source. Among these methods, the
PEEM-based experiment stands out as an efficient and
straightforward method, in which a femtosecond pulse laser
electronically excites an organic system, and another pulse
subsequently extracts the excited electrons (or excitons) as
photoelectrons (i.e., two-photon (2P-) PEEM).**™*¢

In this study, we investigated the nanoscale morphology of
pentacene nanocrystals on a highly oriented pyrolytic graphite
(HOPG) substrate and their ultrafast electronic behavior at the
crystal-substrate interface using time-resolved 2P-PEEM.
Pentacene is a well-known polycyclic aromatic carbon used as
an electron-donating (p-type) organic semiconductor, while
HOPG is an electron-conducting material, also with graphene-
like properties. By taking advantage of a linearly polarized
laser photon that resonantly excites the pentacene molecule,
the 2P-PEEM intensity contrast provides a sensitive visualiza-
tion of the crystal orientation, similar to polarized microscopy
but with better lateral resolution (<80 nm). Our polarization-
dependent 2P-PEEM image reveals pentacene nanocrystals
with a “lying-flat” molecular arrangement on the substrate,
where the molecular n-orbitals are facing the substrate, pro-
moting efficient photoinduced electron donation. By employ-
ing time-resolved 2P-PEEM, electron transfer from the penta-
cene nanocrystals into the HOPG substrate is captured on a
femto- to pico-second timescale, elucidating: (1) the injection
of photoexcited electrons from the nanocrystals into the HOPG
substrate, and (2) the injected electron expands two-dimen-
sionally by approximately 340 nm during its energy loss.

Furthermore, we demonstrate a transformation of penta-
cene nanocrystals to a “standing-up” orientation with a gentle
heating treatment (50 °C for 10 min), highlighting the inter-
play between differing results from previous studies on the
pentacene/HOPG system.>*47~>°

Results
Growth of pentacene nanocrystals on HOPG

Fig. 1a and b show the 2P-PEEM images captured with a
photon energy (hv) of 4.33 eV for pentacene films on a HOPG
substrate at different deposition times of (a) 2 min and (b)
28 min, respectively. A planar image exhibiting a vague con-
trast is obtained at 2 min deposition. At this deposition time,
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a fully covered pentacene molecular film is formed, which is
spectroscopically characterized by detecting 2P-ptotoelectrons
(i.e., 2P-PES).>'™” Fig. 1c shows the 2P-PES spectra for the
same samples after a series of 2P-PEEM measurements; an
electron energy analyzer is integrated in the same ultrahigh
vacuum system.

At 2 min deposition, both the highest occupied and lowest
unoccupied molecular orbitals (HOMO and LUMO) consisting
of m-orbitals appear as frontier molecular orbitals at —1.2 eV
and +1.5 eV with respect to the Fermi level (Er), respectively
(see Text S1 and Fig. S1 in the ESI} for detailed peak assign-
ments). The LUMO energy position corresponds to the value
obtained by a STM.>® A sharp spectral profile of the HOMO-
derived peak is similar to that obtained by ultraviolet photo-
electron spectroscopy (UPS) for a first wetting layer of penta-
cene film on the HOPG substrate in a Stranski-Krastanov (S-K)
growth mode,>”®° in which the frontier n-orbitals of pentacene
are in contact with the substrate (see also Fig. S2 in the ESIT
for UPS data of the corresponding sample). Furthermore, an
image potential state (IPS)**°7°"%? and a state of surface
charge transfer exciton (S-CTE) are resolved, as shown in
the inset in Fig. 1c for an angle-resolved 2P-PES; the former
exhibits free electron-like angular dispersion, while the latter
is less dispersive, both confirming the uniform formation of
1 monolayer (ML) pentacene on HOPG. It should be noted that
the IPS of the clean HOPG substrate (bottom in Fig. 1c) dis-
appears after 2 min deposition, indicating that the 2 min
deposition of pentacene corresponds to 1 ML coverage. These
microscopic and spectroscopic measurements indicate that
pentacene molecules in the uniform 1 ML film lie flat on a
HOPG substrate as a wetting layer.

On the other hand, inhomogeneous island structures cover
the entire surface at a higher deposition amount (28 min)
(Fig. 1b, see also Fig. S3 (ESI{) for a wider field of view). These
islands have domain sizes ranging up to several pm.> A magni-
fied image of the observed island (Fig. 1d) shows the growth of
the pentacene nanocrystal on the substrate, in which the
lateral resolution of the present 2P-PEEM is evaluated to be
78 nm from an intensity histogram at a crystal boundary
(Fig. 1e). The 2P-PES spectrum for the corresponding sample
(Fig. 1c top) consistently indicates the molecular crystallization
on a wetting substrate known as the S-K growth mode. The
LUMO-derived peak broadens and shifts toward lower energy
by 0.2 eV (Er + 1.3 eV) because of an intermolecular interaction
promoted by n-stacked pentacene molecules. Another broad
structure labeled “HOMO/EX” is assignable to a combination
of broadened HOMO'**#%%%¢ and exciton-derived features (see
Text S1 and Fig. S4 in the ESI{ for detailed assignments).
Furthermore, intense signals are detected near the low-energy
cutoff, in which the excited electrons possessing energy higher
than 0.2 eV with respect to the Er are detected in the present
2P-PES and 2P-PEEM experiments. It should be noted that the
validity of the comparative discussion can be confirmed
between the microscopic (2P-PEEM) and spectroscopic
(2P-PES) observations. Fig. 1f plots the PEEM intensities of
selected nanocrystals (see inset) versus incident laser powers
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(a and b) 2P-PEEM images (hv = 4.33 eV, p-pol.) of pentacene films deposited on a HOPG substrate, where the deposition times are (a) 2 min

and (b) 28 min, respectively (see Fig. 2c for the polarization configuration). The contrast of each image was appropriately adjusted for visual percep-
tion. (c) The corresponding 2P-PES spectra to (a) and (b), where the horizontal axis stands for excited state energy with respect to the Fermi level
(Ef). By depositing pentacene for 2 min (middle), the LUMO (E; + 1.5 eV) and HOMO (E¢ — 1.2 eV) are resolved. IPS and S-CTE are also resolved, exhi-
biting free-electron-like dispersive and nondispersive characteristics, respectively (see inset for angle-resolved 2P-PES with hv = 4.77 eV). In the
2P-PEEM image at 28 min deposition in (b), island structures exhibit intensity variations. The 2P-PES intensity (top in (c)) is enhanced due to effective
photoexcitation at the pentacene nanocrystal, revealing that the exciton-derived peak merged with the HOMO-derived one (HOMO/Ex) in addition
to LUMO. Detailed peak assignments on both deposited samples are shown in Text S1 and Fig. S1 and S3 in the ESI.{ (d) 2P-PEEM image magnified
at an island domain formed by 28 min deposition. (e) Intensity profile along a white line in (d). The lateral resolution (width of 16—84 intensity,
AXi6-_g4) is evaluated to be 78 nm. (f) 2P-PEEM intensities at selected nanocrystals as a function of the incident laser power (P), which are normalized
to those obtained with the highest laser power (P = 25 mW). P? dependence in all nanocrystals confirms that the PEEM technique images the photo-

emission with a 2P-process, such as 2P-PEEM.

(P), showing the exact square dependence (xP?) because of the
2P-photoemission process as 2P-PEEM.

In the 2P-PEEM for pentacene nanocrystals (28 min,
Fig. 1b), there are notable intensity variations, which are
caused by an anisotropy of the pentacene nanocrystals grown
on the HOPG substrate. When the polarization of the exci-
tation light is changed, the 2P-PEEM can sensitively character-
ize the crystal orientation. Fig. 2a and b compare the 2P-PEEM
image of pentacene nanocrystals excited with s- and p-polar-
ized photons, respectively. The directions of light polarization
projected on the surface plane are indicated at the upper left
of each figure, while the polarization configuration is schema-
tically illustrated in Fig. 2c. The 2P-PEEM intensities at each
pentacene nanocrystal vary upon rotation of the polarization
directions (angle of electric field, # = 0° represents s-polariz-
ation, while 6 = 90° indicates p-polarization).

Since the transition dipole moment of a molecule aligns
with the specific molecular axis, the polarization retention
dependence will provide information on the molecular orien-

This journal is © The Royal Society of Chemistry 2024

tation in the nanocrystals. Fig. 2d shows polar plots that illus-
trate the normalized 2P-PEEM intensities at selected nanocrys-
tals, with the selection of seven nanocrystals shown in the
inset. By changing the polarization angle of 6, the 2P-PEEM
intensity of each nanocrystal exhibits a sin’é dependence,
with the maximum intensity achieved at varying angles 6. As
discussed below, the results indicate that all pentacene mole-
cules in the nanocrystals align with their long molecular axis
oriented parallel to the surface. Raw 2P-PEEM images captured
with continuously rotating 6 are shown in Movie S1 in the
ESLt

Here, the orientation of the pentacene nanocrystals is
characterized in terms of the polarization-dependent
2P-PEEM. In this 2P-PEEM experiment, a specific resonance of
a pentacene molecule is photoexcited by /v = 4.33 eV photons,
resulting in an effective 2P-photoemission from the nanocrys-
tals rather than the substrate. In fact, an optical absorption
spectrum for the pentacene solution (Fig. 2e) shows a strong
peak at the corresponding #v above 4 eV, at which the intensity

Nanoscale, 2024, 16,12397-12405 | 12399
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Fig. 2 (a and b) 2P-PEEM pentacene deposited (28 min) on a HOPG substrate taken with (a) s- and (b) p-polarized photons (hv = 4.33 eV). Light
polarizations projected on the surface are indicated by white arrows in the upper left of each figure. (c) Light polarization configuration. (d) Polar
plots of normalized 2P-PEEM intensities at selected nanocrystals. The inset shows the selection of seven nanocrystals in the 2P-PEEM image. The
intensities are randomly maximized at a certain Gpax With sin?(0 — Omax) dependence. (e) Absorption spectrum of pentacene in toluene solution. The
strong absorption peak originates from the effective molecular excitation with a polarized light along the long molecular axis (denoted as “||"), while
the peak at the lowest energy is due to the photo absorption with a light polarized along the short molecular axis (denoted as “1").%” (f) Schematic
illustration of the crystal orientation at the initial growth of pentacene, where the pentacene nanocrystals actually consist of x50 molecular layers on

average at 28 min deposition.

is much higher than the first absorption peak (S; state) at
2.15 eV.

According to theoretical calculations®” and optical spec-
troscopy for isolated pentacene molecules (e.g., embedded in a
rare gas matrix®®®), the strong absorption band originates
from the molecular excitation of HOMO — LUMO + 2 that has
a high transition dipole moment, along with a long molecular
axis of pentacene (see inset in Fig. 2e). In terms of the de-
posited arrangement of pentacene molecules, the differential
reflection spectrum for a pentacene/Al,O; system shows a
strong signal at hv = 4.3 eV.”° The polarization-dependent
2P-PEEM results indicate that the pentacene nanocrystals are
initially formed on the HOPG substrate with a lying-flat orien-
tation, whose azimuth angles of the molecular axis are inde-
pendent of the surface atomic orientation. The lying-flat orien-
tation of pentacene molecules is schematically illustrated in
Fig. 2f. Since the nanocrystals occupy approximately 25% of
the surface area at 28 min deposition (14 ML equivalent
including the wetting layer), the nanocrystals can consist of
~50 layers of pentacene molecules on average.

It should be emphasized that orientation-sensitive
2P-PEEM, like a polarized optical microscopy, is realized by
tuning the incident Zv to selectively photoexcite pentacene
molecules at a specific molecular axis, while having much

12400 | Nanoscale, 2024, 16, 12397-12405

better lateral resolution (AX;ss4 = 78 nm) than optical
imaging (typically 400-700 nm). In contrast to the present
2P-PEEM shown in Fig. 2, in fact, the nanocrystals show fewer
intensity variations in the PEEM images when the PEEM
measurements are performed with non-resonant Avs (see ESI,
Fig. S51 for 2P-PEEM with Av = 2.88 eV and Fig. S6} for one-
photon PEEM with hv = 5.97 eV).

Time-resolved 2P-PEEM: electron transfer into the substrate

A time-resolved 2P-PEEM with pump-probe optical configur-
ation can directly access the lateral expansion of the photo-
excited states in the electron-donating (p-type) pentacene
nanocrystals. Fig. 3a shows the raw 2P-PEEM image of the pen-
tacene nanocrystals at a pump-probe delay time (At) of 13 ps,
where a single-colored pulse pair (hv = 4.33 eV, p-polarized) is
generated by a set of beam splitters and combiner (see Fig. S7
in the ESIf). Randomly oriented pentacene nanocrystals with
“lying flat” orientation exhibit intensity variations that are
dependent on the crystal orientation, while the average size is
much smaller than that seen in Fig. 1b and 2 because of the
shorter deposition time (14 min). Since detectable intensity
change is hardly observed in the raw data at A¢ > 5 ps, the
2P-PEEM image at At = 13 ps (Fig. 3a, see also Fig. 3d for mag-
nified image) can be regarded as a background signal in the

This journal is © The Royal Society of Chemistry 2024
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Fig. 3 (a—c) Time-resolved 2P-PEEM (hv = 4.33 eV, p-polarization) for the pentacene nanocrystals on HOPG (14 min deposition); (a) A raw image at

At = 13 ps for subtraction. (b and c) Subtracted 2P-PEEM images at (b) At = 560 fs and (c) At = 1800 fs. The intensity color scale is different among
the 2P-PEEM images to appropriately visualize the experimental behavior in the time-resolved measurement; namely, photoexcited electrons at the
substrate donated by pentacene nanocrystals are imaged, where signals “near” the nanocrystals are enhanced by the subtraction. (d—f) The
magnified 2P-PEEM images at a nanocrystal correspond to (a), (b), and (c), respectively. (g) Integrated intensity traces against the delay time (At) at
four nanocrystal domains (300 x 300 nm?) and their peripheries (500 x 500 nm? (see inset for area selection as humbered from 1 to 4). The
2P-PEEM intensities at the peripheries of their nanocrystals exhibit exponential decay with a time constant of 3000 fs, while no detectable decay is
observed at the nanocrystal cores. It should be noted that the intensity fluctuations at At < 0.4 ps (slightly smeared area) occur due to interference
between two pulses within their overlapping time. The intensity traces at other different area sets (hanocrystal and its periphery) are shown in Fig. S8
(ESIF). The topmost profile (solid black circles) in (g) is for the entire 2P-PEEM intensity in the field of view, seemingly showing an average of the data
at selected areas of both core and periphery regions. (h) Intensity profile of 2P-PEEM at At = 560 fs (marked in b). The expansion length, Lep, is eval-

uated to be 340 nm. (i) Schematic illustration of the excited electron expansion after selective excitation at the pentacene nanocrystals.

series of time-resolved 2P-PEEM experiments. It should be
noted that the background 2P-PEEM intensity originates from
the 2P-photoemission emitted by the delayed pulses
themselves.

Fig. 3b and c¢ show the background-subtracted 2P-PEEM
images at At = 560 fs and 1800 fs, respectively. Compared with
the background data (Fig. 3a or d), the 2P-PEEM signals
exhibit lower intensity at each pentacene nanocrystal, but are
stronger in the vicinity of the nanocrystals extending a few pm
from the domain edge. In fact, as shown in the magnified
images of Fig. 3d, e, and f, the initial bright nanocrystal core

This journal is © The Royal Society of Chemistry 2024

in Fig. 3d darkens over time, while a contrasting phenomenon
is observed where the peripheries of the nanocrystals become
brighter. The result indicates that the photoexcited electrons
in the pentacene nanocrystals with lying-flat molecular orien-
tation are rapidly transferred from the m-orbitals to the sub-
strate, and expand two-dimensionally into the periphery of the
nanocrystals (see Fig. 3i). The subtracted data at At = 520-7800
fs are illustrated in Movie S2 in the ESL.

For a more quantitative discussion, in Fig. 3g, integrated
intensity traces are evaluated against At at four sets of nano-
crystal cores (open square; 300 x 300 nm?) and their periph-

Nanoscale, 2024, 16,12397-12405 | 12401
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eries (solid square; 500 x 500 nm?) (see inset for area selec-
tions and the corresponding numbers). The intensities around
At = 0 fs fluctuate because of photon interference between the
pump and probe photons. While the carefully measured fringe
signal in the interferometric measurement provides important
insights into the physical properties of the targeted system,>
our primary focus in this study is on elucidating the dynamics
occurring from several 100 fs to ps after photoexcitation,
revealing the temporal expansion of excited electrons in real
space.

At At > 400 fs, the 2P-PEEM intensities at the peripheries of
the nanocrystals (middle datasets with solid circles) exhibit a
very similar exponential decay with a time constant of 3000 fs,
whereas no detectable decay is observed at the nanocrystal
cores (bottom datasets with open circles). All datasets analyzed
for the other four regions (8 datasets = 16 regions) are shown
in Fig. S8 (ESIT). Importantly, in the present study, the ultra-
fast excited electron dynamics could be successfully elucidated
microscopically by selecting several 100 nm square sized-
regions within a 20 pm square field of view. In fact, the entire
2P-PEEM intensity in the field of view (topmost in Fig. 3g)
almost shows an average of the data at the selected areas of
both nanocrystals and their peripheries.

Based on the 2P-PES spectrum of the pentacene nanocrystal
(the low-energy cutoff in Fig. 1c), the current time-resolved
2P-PEEM using hv = 4.33 eV captures the spatial and temporal
distributions of excited electrons with energy levels higher
than 0.2 eV above the Er. The decay constant of 3000 fs
obtained from the time-resolved 2P-PEEM agrees well with
that reported for a bare HOPG substrate at the corresponding
energy region,”"”> where the ps relaxation dynamics are attrib-
uted to the temporal thermalization of the electronic system
with the lattice system through the electron-phonon
interactions.

Furthermore, the expansion length of the excited electron,
Lexp, can be evaluated by analyzing the intensity profile of the
2P-PEEM, as shown in Fig. 3h, where the decrease in the
2P-PEEM intensity (At = 560 fs) from the nanocrystal edge to
the periphery yields a value of Lgjs = 340 nm. This value is con-
sistent with the estimated value, considering the Fermi velocity
(1.15 x 10° ms™")”® and At. The schematic illustration in Fig. 3i
shows the transfer of excited electrons from the pentacene
nanocrystals to the graphite substrate.

It is important to note that in the 2P-PEEM, we could detect
and analyze the time-dependent phenomena by selecting
specific nanoscale domains, albeit at the expense of lower
energy resolution. While a time-resolved 2P-PES, with spatial
resolution limited by a spot diameter of the incident laser (ca.
0.1 mm @), provides energy-resolved information, the 2P-PES
signals forming the peripheries are obscured by the predomi-
nant photoemission from the nanocrystals.

Molecular rearrangements

As shown in Fig. 2, pentacene nanocrystals are initially formed
in a lying-flat molecular orientation with the molecular plane
parallel to the surface. The orientation of pentacene nanocrys-

12402 | Nanoscale, 2024, 16, 12397-12405
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tals is highly temperature-sensitive, which may cause discre-
pancies in previous studies on the characterization of crystal
structures in the pentacene/HOPG systems.*>*”™° Fig. 4a and
b show the polarization-dependent 2P-PEEM image for the
pentacene nanocrystal islands (28 min deposition) after a mild
sample heating up to 323 K (50 °C) for 10 min. After heating
treatment, the 2P-PEEM intensity at the s-polarized incident
photons (Fig. 4a) becomes much weaker than that at the
p-polarized photons (Fig. 4b). Furthermore, the intensity vari-
ation observed in the 2P-PEEM image before heating (Fig. 2a
and b) disappears, indicating that the crystal alignment under-
goes a complete change because of the mild heating treatment
(see ESI, Fig. S91 for a wider field of view). Consistently, the
polarization rotation experiment (Fig. 4c) shows that the
2P-PEEM intensities for the nanocrystals reach their maximum
values with p-polarized photons (6 = 90°). A series of 2P-PEEM

a s=pol (6=0°)

!

b\\\p-p‘ol. (9= 90°)
X YV b

HOPG

Fig. 4 (a and b) 2P-PEEM (hv = 4.33 eV) of pentacene nanocrystals on
HOPG (28 min deposition) taken with (a) s- and (b) p-polarized photons
after heating treatment with 50 °C for 10 min. The 2P-PEEM intensity
with s-polarized photons (a) is much weaker than that obtained with
p-polarized photons (b) (see inset for magnified contrast). (c) 2P-PEEM
intensity traces against 6 analyzed at numbered nanocrystals (inset),
where all nanocrystals get the highest 2P-PEEM intensity at p-polarized
photons. (d) Schematic drawing of the crystal orientation of the penta-
cene nanocrystals after heating.
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images obtained during polarization rotation is presented in
Movie S3 (ESIY).

As mentioned above, the pentacene molecules are selectively
excited by a polarized photon that aligns with the long mole-
cular axis at v = 4.33 eV. Because p-polarized photons have the
largest electromagnetic field perpendicular to the surface, the
complete p-polarization selectivity indicates that nanocrystal
rearrangements occur through mild thermal stimulation,
forming another stable molecular orientation; the long mole-
cular axis aligns perpendicular to the surface as a “standing-up”
crystallization. A schematic illustration of the crystal orientation
of pentacene after heating is shown in Fig. 4d.

Discussion

The polarization-dependent 2P-PEEM sensitively characterizes
the orientation of pentacene nanocrystals on the HOPG sub-
strate. Initially, the nanocrystals exhibit a molecular orien-
tation of “lying flat”, which could donate excited electrons
through the molecular n-orbital(s). They also undergo a com-
plete transformation into a “standing up” orientation with a
mild thermal treatment. The initial growth of the pentacene
nanocrystals on graphite substrates has been widely studied
with various experimental methods. For the pentacene nano-
crystals on HOPG, scanning probe microscopy (SPM) shows
that pentacene molecules align perpendicular to the surface
with their long axis, a phenomenon known as the “thin film
phase,”***” whose crystal alignments are typically observed on
insulating or chemically inert substrates (e.g., SiO,,"* Al,03,”°
and polymers''’*). However, another SPM or spectroscopic
study (e.g., X-ray diffraction,”® penning-ionization electron
spectroscopy’®) suggests that the pentacene molecular crystal
is grown with the long axis of the molecules lying flat on the
surface, similar to what is observed in metal substrates’> or
reactive bare Si substrate.?

Since the HOPG substrate is both conductive and chemi-
cally inert compared to metal or bare Si surfaces, it is inferred
that the initial growth process is highly sensitive to various
substrate conditions, such as cleanliness, temperature, depo-
sition rate, surface flatness, and other factors, which have
been extensively discussed in previous literature.”’>° Notably,
Gotzen et al.” reported that both “lying-flat” and “standing-
up” nanocrystals are formed separately on flat HOPG and Ar'-
sputtered rough HOPG substrates, respectively. Our study has
demonstrated that the transition of the molecular orientation
from “lying flat” to “standing-up” occurs thermally, with the
lying-flat molecular orientation initially grown on the clean
HOPG substrate at ambient temperature, revealing the early
stages of pentacene crystal formation on the HOPG substrate.

Conclusions

To conclude, we sensitively characterized the molecular orien-
tation and ultrafast dynamics of electron transfer at a heteroin-

This journal is © The Royal Society of Chemistry 2024
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terface between the electron-donating pentacene nanocrystal
and HOPG substrate using 2P-PEEM. By selecting the resonant
polarized photons, it is revealed that the pentacene nanocrys-
tals initially grow with a lying-flat configuration, whose
n-orbitals are connected to the substrate, facilitating a favor-
able transportation of photoexcited electrons. The time-
resolved 2P-PEEM clearly images the excited electron dynamics
at the substrate donated by pentacene nanocrystals within a
timescale of =10 ps. The heating treatment induces the
change in the molecular orientation into a standing-up orien-
tation, suggesting that the controlled deposition of the organic
molecule is crucial to fabricating fully-designed organic
devices. Such real-space and temporal imaging of local photo-
excited states will accelerate the technological advancement in
organic electronics.

Experimental
Sample preparation

To prepare an atomically flat and clean substrate, a HOPG sub-
strate was cleaved in air and was heated to 700 K for 50 h in an
ultrahigh vacuum (UHV) chamber (1 x 10~ Pa). The cleanness
was checked by taking a 2P-PES spectrum, showing a clear
peak derived from an IPS (see Fig. 1c).”®”” Pentacene molecule
(Sigma-Aldrich, >99.9%, sublimed grade) was deposited onto
the cleaned HOPG substrate from a quartz effusion cell
installed in the UHV system. The deposition rate was moni-
tored using a quartz microbalance (INFICON, STM-5). The
sample was then transferred to the 2P-PEEM system without
breaking the UHV condition.

2P-PEEM measurement

The lateral distribution of 2P-photoemission was imaged by a
PEEM system (IS-PEEM, FOCUS GmbH) as 2P-PEEM. The third
harmonics of a titanium sapphire laser (COHERENT, Mira
900-F, 76 MHz, 100 fs, hv = 1.35-1.63 €V) were used in the
2P-PEEM measurements, which were generated with a couple
of beta barium borate crystals. The pulse duration and energy
of the incident ultraviolet photons were 150 fs and 0.26 nJ per
pulse (equivalent to an average power of 20 mW), respectively.
The hv was typically set to 4.33 eV to effectively photoexcite the
pentacene molecule (Fig. 2e). Light polarization of the incident
laser was controlled by rotating at the azimuth angle of a half-
wave plate. The laser beam was focused onto the surface
through an MgF, window at an incident angle of 75° (Fig. 2c)
with respect to the surface normal.

In the time-resolved 2P-PEEM, the laser beam was divided
into two separate beams, and they were combined at the
sample surface in a “skew” configuration (Fig. S7 in the ESIf).
The delay time between both pulses was changed by an optical
stage with 100 nm (0.33 fs) accuracy. The temporal resolution
was estimated to be better than one-third of the pulse duration
(<50 fs). No space charge effect causing degradation of the
PEEM image was observed in this pulsed laser excitation study
due to the use of a high-repetition (76 MHz) laser. To accu-
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rately evaluate the electronic states of the pentacene film,
2P-PES measurements were performed before and after
2P-PEEM experiments with a shared light source, in which the
photoemitted electrons with a 2P-proccess were collected by a
hemispherical electron energy analyzer (VG Scienta-3000). The
sample temperature during the entire measurement was kept
at 293 K.
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