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Charge transfer dynamics across the lying-down 3,4,9,10-perylene-tetracarboxylic-dianhydride
(PTCDA) organic semiconductor molecules on Au(111) interface has been investigated using the
core-hole clock implementation of resonant photoemission spectroscopy. It is found that the charge
transfer time scale at the PTCDA/Au(111) interface is much larger than the C 1s core-hole lifetime of
6 fs, indicating weak electronic coupling between PTCDA and the gold substrate due to the absence
of chemical reaction and/or bonding. © 2011 American Institute of Physics. [d0i:10.1063/1.3656834]

Il. INTRODUCTION

In recent years, organic solar cells including organic pho-
tovoltaics and dye sensitized solar cells (DSSCs) have at-
tracted considerable attention for applications in low-cost,
large-scale, and flexible electronic devices.!'2 In these de-
vices, interfacial electron transfer dynamics is of critical
importance for efficient solar energy conversion.® Ultrafast
charge transfer at the organic/substrate interfaces, for exam-
ple in systems consisting of nanostructured TiO, and or-
ganic dyes with strong electronic coupling,* is necessary
to compete effectively against various loss processes, e.g.,
charge recombination at the interface, charge redistribution,
and intramolecular thermalization of excited states.> Interfa-
cial electron transfer largely depends on the electronic interac-
tions or wavefunction overlapping between molecular states
and the substrate conduction band. Molecular orientation and
conformation at interfaces could also affect the electronic
coupling between molecules and substrates.® For example,
ultrafast interfacial electron transfer within several femtosec-
onds (fs) was observed for lying-down 4-fluorobenzenethiol
monolayer on Au(111) as compared to the standing-up con-
figuration of molecules with much slower charge transfer pro-
cess, because the nearly parallel orientation of the molecular
plane with respect to the Au(111) surface greatly enhances the
electronic coupling between molecular r-electrons and metal
d-bands.” Therefore, understanding molecular orientation and
packing at interfaces and their influence on charge transfer dy-
namics is crucial for optimizing the device performance.

Among the most widely used organic semiconduc-
tor molecules, 3,4,9,10-perylene-tetracarboxylic-dianhydride
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(PTCDA), which consists of a perylene core and two
anhydride functional groups, is a typical model planar
molecule with excellent optoelectronic properties and chem-
ical stability.®° In particular, it forms highly ordered struc-
tures with lying-down geometry on various substrates, e.g.,
Ay, 1011 Ag,12 HOPG.,!? NaCl,'*1> and CuPc,!® owing to the
stabilizing effect of multiple intermolecular hydrogen bond-
ing. The interfacial electronic structures and nature of interac-
tions between PTCDA and the metal single crystal substrates
such as Cu,'” Ag,'” Au,'® and Ni,!” have been systematically
studied and compared.’ It is found that PTCDA molecules
are chemically bonded with Cu(100), Cu(110), and Cu(111)
substrates. Moreover, molecular dissociation on Cu(100) has
been reported.'® For PTCDA on Ag(111), the perylene core
extended m-electrons interact with the Ag(111) d-band elec-
trons and its carboxylic oxygen atoms bond to the Ag atoms.
The PTCDA/Au(111) interface, in contrast, is a weakly in-
teracting interface dominated by van der Waals interac-
tions. However, we cannot completely exclude the molecule-
substrate chemical interaction, as a hybrid molecular gap state
has been predicted by theoretical calculations.”>?! Since the
charge transfer dynamics at the organic/metal interface is
closely related to the nature and strength of the interfacial in-
teraction and electronic coupling, understanding the charge
transfer dynamics at the PTCDA/Au(111) interface will help
to clarify the nature of interactions at this interface.
Synchrotron-based resonant photoemission spectroscopy
(RPES) has been successfully utilized to probe the ultrafast
charge transfer dynamics at organic/inorganic interfaces us-
ing the core-hole lifetime as an internal reference clock.*2?-33
This method allows the quantification of the delocalization of
electrons from unoccupied molecular orbitals to a substrate
with fs scale. Figure 1 depicts the working principle of RPES.
In a typical x-ray absorption process [Fig. 1(a)] in molecules,
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FIG. 1. Schematic overview of the working principle of RPES. Resonant
excitation of a core level electron to the LUMOs (a) and the following com-
petitive core-hole decay processes (b)—(e).

a core level electron (e.g., C 1s, N 1s) is excited to the lowest
unoccupied molecular orbitals (LUMOs) and a core-hole is
created. Two processes then compete within the specific core-
hole lifetime, i.e., autoionization [Figs. 1(b) and 1(c)] and
charge transfer [Fig. 1(d)]. The faster process will dominate.
If the resonantly excited electrons are localized in the LUMOs
and not transferred into the substrate conduction band within
the core-hole lifetime, the core-hole will predominantly decay
through the autoionization process. This is the typical sce-
nario for organic multilayers since the molecules are usually
isolated from the substrate surface. There are two autoioniza-
tion channels, namely participator decay and spectator decay.
In the participator decay [Fig. 1(b)], the resonantly excited
electron fills the core-hole and a highest occupied molecular
orbital (HOMO) electron is ejected by taking up the excess
energy released by the decay process, leaving the system with
a single HOMO hole. This final state is energetically equiv-
alent to direct valence band (VB) photoemission by the inci-
dent photon, but the core-hole assisted resonant photoemis-
sion leads to larger cross section for the valence electrons,
resulting in a resonant enhancement of the associated HOMO
features in the photoemission spectrum. The resonant photoe-
mission peak is constant in binding energy (BE) as the pho-
ton energy sweeps across the absorption edge. In the spectator
decay channel [Fig. 1(c)], the excited electron remains in the
LUMOs and does not take part in the de-excitation, and the
decay proceeds via an Auger-like process with two HOMO
electrons removed. Consequently, a new resonant Auger peak
with constant kinetic energy (KE) will emerge at the lower
BE side of the normal (non-resonant) one due to additional
screening of the extra LUMO electron.

In contrast, if the molecular orbitals are strongly coupled
to the substrate, the excited electrons can be transferred to
the substrate conduction band through the interfacial charge
transfer process [Fig. 1(d)] before the core-hole decay occurs,
thereby leading to the normal Auger (non-resonant) process
[Fig. 1(e)] without any enhanced resonant effects. Conse-
quently, interfacial charge transfer competes with the decay
processes of excited states via resonant photoemission or
resonant Auger processes. In practice, the resonant photoe-
mission experiment is carried out by acquiring a series of
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photoemission spectra in the VB region by scanning the in-
coming x-ray photon energy across a specific absorption res-
onance feature. By comparing the RPES to near edge x-ray
absorption fine structure (NEXAFS) spectroscopy intensity
ratios at monolayer (coupled) and multilayer (isolated) thick-
nesses, the charge transfer time scale (t¢r) from the LUMOs
to substrate conduction band can be evaluated using Eq. (1).

mono / ymono
1 RPES / 1 NEXAFS
multi multi mono mono
I RPES / 1 NEXAFS — 1 RPES / 1 NEXAFS

, (1)

cT =

where the intensities of LUMOs in the monolayer and mul-
tilayer PRES are denoted as Iggme and Igpii, respectively.
e ks and I&“EQiAFS represent the intensities of LUMOs in
NEXAFS, and t¢y is the core-hole lifetime which has been
measured as 6 fs for C 1s.>* In particular, this technique
is element and orbital specific, allowing selective studies of
charge transfer dynamics for the elements and/or orbitals of
interests. A thorough review on the principles and techniques
of core-hole clock spectroscopy can be found in Ref. 35 by
Briithwiler et al.

Here, we present a systematic study of the molecular ori-
entation and charge transfer dynamics of PTCDA molecules
on Au(111) using NEXAFS and RPES. Orientationally or-
dered PTCDA thin films with flat lying molecular geometry
are observed at both the monolayer and multilayer regimes.
Interfacial charge transfer time scale is found to be much
longer than the core-hole lifetime of 6 fs, in accordance with
the weak electronic coupling nature at the PTCDA/Au(111)
interface.

Il. EXPERIMENTAL DETAILS

A Au(111) single crystal was cleaned by repeated cy-
cles of Ar" sputtering and annealing in ultrahigh vacuum
(UHV). The cleanliness of the sample surface was checked
by photoemission spectroscopy (PES). PTCDA molecules
(Sigma-Aldrich) were thoroughly degassed for several hours
before the sublimation using a standard Knudsen cell onto
the Au(l111) substrate at a deposition rate of 2 monolayer
(ML)/min calibrated using a quartz crystal microbalance. The
nominal deposition rate was also estimated using PES by the
attenuation of the substrate Au 4f signal intensity.’® The sam-
ple was kept at room temperature during and after PTCDA
deposition.

Angular-dependent NEXAFS spectra were measured in
situ at the 4B9B beamline of the Beijing Synchrotron Ra-
diation Facility of High Energy Physics, Chinese Academy
of Sciences. The C K-edge NEXAFS spectra were collected
in total electron yield mode with a photon energy resolution
of 200 meV. The linear polarization factor of the x-ray beam
was measured to be better than 75%. The photon energy was
calibrated using the characteristic intensity dip at 284.4 eV
from the contamination carbon of the beamline optical com-
ponents. To eliminate the fluctuations in the incident x-ray in-
tensity and the extrinsic carbon absorption structures brought
by the beamline optics, all NEXAFS spectra were first nor-
malized to the incident photon intensity (/p) monitored by the
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refocusing mirror, and then they were divided by the clean
Au(111) NEXAFS spectrum normalized to /.33

RPES and NEXAFS measurements were carried out
in situ at the SINS beamline of Singapore Synchrotron
Light Source equipped with a Scienta R4000 electron en-
ergy analyzer.® All measurements were performed at room
temperature in a UHV chamber with a base pressure of
1 x 107'9 mbar. The photon energy was calibrated using
the Au 4f;, core level peak at 84.0 eV of a sputter-cleaned
gold foil in electrical contact with the sample. RPES spectra
were measured at the VB region with photon energy swept
across the C 1s — m* resonances, and plotted on a BE scale
with respect to the substrate Fermi level (Er). The intensi-
ties of the spectra were normalized using the incident photon
intensity.

lll. RESULTS AND DISCUSSION
A. Molecular orientation and ordering

Angular-dependent NEXAFS, which is an ideal tool
to determine the adsorption geometry of planar aromatic
molecules,’ was performed at the C K-edge to study the
molecular orientation of PTCDA molecules on Au(111).
Figures 2(a) and 2(b) show the angular-dependent C K-edge
NEXAFS spectra for monolayer and multilayer (10 ML)
PTCDA molecules adsorbed on the Au(111), respectively, in
which the x-ray incident angle 6 is defined with respect to
the substrate surface plane. Several distinct absorption reso-
nances of PTCDA molecules can be clearly identified, which
are in good agreement with previously reported NEXAFS
spectra for PTCDA on other substrates.***? The sharp res-
onances (peak 1 ~ 4) below 290 eV are attributed to C s
— ¥ transitions, whereas the broad absorption features at
higher photon energy are assigned to C 1s — o * transitions.
Both the 7 * resonances and o* resonances display signifi-
cant change in the intensities with incident angle 6. For mono-
layer PTCDA, the 7 * resonances are strongest at grazing in-
cidence (6 = 20°), whereas the o * resonances are strongest
at normal incidence (0 = 90°). Multilayer PTCDA spectra
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FIG. 2. Angular-dependent C K-edge NEXAFS spectra for monolayer (a)
and multilayer (b) PTCDA molecules on the Au(111). The inset shows the
measurement geometry.
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show similar angular dependence. For planar m-conjugated
organic molecules such as PTCDA, the 7 * orbitals are essen-
tially out of the molecular plane, and therefore the observed
angular dependence indicates a nearly lying-down configu-
ration of PTCDA molecular planes for both monolayer and
multilayer coverages with high degree of orientational order,
which is consistent with reported STM results for PTCDA on
Au(111).83%

To quantitatively evaluate the molecular orientation, the
intensity of 7 * resonances (/=) at various incident angles ()
can be related to the molecular tilt angle («) by the following
equation:3%46

Ly = CP(sin’ o sin® 6 4 2 cos® a cos? )
+C(1 — P)sin®a, )

where C is a normalization constant, P is the linear polariza-
tion factor of x rays (~0.75), and « is the average tilt angle
of molecular plane with respect to the substrate surface plane.
(see Fig. 2 inset)

Figure 3 plots intensities of the most intense 7 * reso-
nance (peak 2) for monolayer (open circle) and multilayer
(cross) PTCDA as a function of 6 together with the theo-
retical curves for different molecular tilt angles (solid line)
generated using Eq. (2). The vertical error bars, which corre-
spond to uncertainties introduced by the normalization and in-
tegration, are estimated to be within 10% of the intensities.?’
The average tilt angle « of PTCDA molecules on Au(111)
was determined to be 21 £ 10° for both monolayer and
multilayer. The overall uncertainty in the estimated tilt an-
gle takes into account the fitting errors, the degree of polar-
ization of the x-ray beam and the angular misalignment due
to sample mounting.*’ However, it should be noted that the
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FIG. 3. The intensities of the most intense 77 * resonance (peak 2) against 6
for monolayer (open circle) and multilayer (cross) PTCDA films on Au(111).
The solid lines represent the theoretical angular dependence of 7 * resonances
for various molecular tilt angles.
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tilt angle estimated from NEXAFS analysis is significantly
overestimated, as STM studies point to a completely flat-lying
adsorption geometry for PTCDA on Au(111).%* Several
factors, including tilted molecular species adsorbed at sur-
face steps or defect sites,**% thermal vibrations and/or dis-
tortion of molecular plane,***%4° and the presence of non-m *
orbitals in the 7 * excitation energy range,*®>" may contribute
to residue m* intensities for the normal incident angle of
x rays. In particular, the inclusion of non-7 symmetry states
in the LUMO (peak 1) energy region may account for the en-
hanced LUMO intensity for the multilayer PTCDA at normal
incidence of x rays [Fig. 2(b)].!>16

B. Charge transfer dynamics

The relative alignment between the LUMOs of PTCDA
molecules in their excited states and the Ep of the metal
substrate is one of the most important factors that influence
the charge transfer dynamics. Figure 4 shows the VB (oc-
cupied states) and NEXAFS spectra (unoccupied states) for
monolayer and multilayer PTCDA on Au(111), along with
the VB spectrum for the pristine gold substrate. The BE of
284.7 eV for perylene C 1s core level was adopted to place
the NEXAFS spectra on a common BE scale along with
the VB spectra,51 where the dashed line marks the position
of EF.

At high molecular coverage, various molecular fron-
tier orbitals including the highest occupied molecular orbital
(HOMO), HOMO-1, HOMO-2, and HOMO-3 peaks derived
from PTCDA molecules are clearly visible,’>3? whereas the
monolayer spectrum contains significant contributions from
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FIG. 4. VB and C K-edge NEXAFS spectra for monolayer and multilayer
PTCDA on Au(111). The bottom spectrum (black dots) represents the VB
spectrum for pristine Au(111) substrate. The relative BE scale of NEXAFS
spectra was referenced to the C 1s (perylene core) core level BE of PTCDA
molecules.
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the gold substrate VB features. On the NEXAFS side, the
lowest resonance (peak 1) is attributed to transitions from
the perylene core carbon atoms to the LUMO, whereas the
strong resonance (peak 2) corresponds to transitions from the
perylene core to the next three higher orbitals (LUMO-+1
~ LUMO+3). The resonances 3 and 4 originate from the
anhydride C-atoms to LUMO and LUMO+1 ~ LUMO+3
transitions, respectively.*’ For NEXAFS measurements, due
to the Coulomb interaction between the core-hole and the
photo-excited electron (i.e., excitonic effect), the measured
NEXAFS resonances usually shift towards Er or even below
Er.>* As observed in the current PTCDA/Au(111) system, the
LUMO lies below Ef of the Au(111) as shown in Fig. 4 for
both monolayer and multilayer films. Consequently, electron
transfer from the excited LUMO state of the molecules to
the substrate conduction band is energetically unfavorable.>
Therefore, only higher lying empty molecular orbitals (MOs)
(e.g., LUMO+1 ~ LUMO+3) can participate in the interfa-
cial charge transfer.

RPES spectra for monolayer and multilayer PTCDA on
Au(111) from 282 eV to 290 eV across the C 1s — 7 * absorp-
tion threshold are shown in Fig. 5. The C 1s core level compo-
nent excited by the second-order harmonic x-rays (2hv) was
removed. In general, the resonant photoemission spectra for
monolayer and multilayer PTCDA exhibit similar features:
several resonant enhancements of photoemission features are
clearly visible across the C K-edge absorption edge. Resonant
features with lower BE (<8 eV) are mainly associated with
the resonant enhancement of individual molecular frontier or-
bitals (HOMO ~ HOMO-3) and they are relatively discrete in
energy. On the other hand, broad resonant structures at higher
BE (above 8 eV) are mostly contributed by the resonant Auger
and normal Auger process.

It can be seen from Fig. 5 that the resonance photon ener-
gies correspond well with the four absorption features (peak
1 ~4) in the NEXAFS spectra. For example, the HOMO and
HOMO-1 derived features resonate at photon energies rang-
ing from 283.4 eV to 286.6 eV associated with the Cperylene 1
— LUMOs transitions, whereas they nearly vanish at higher
photon energies corresponding t0 Cypnyarige 1§ — LUMOs
transitions. In particular, the HOMO-1 is most significantly
enhanced at photon energies around 285-286.6 eV, corre-
sponding t0 Cperyiene 15 — LUMO+1 ~ LUMO+3 transi-
tions. In addition, the HOMO-2 related resonance can be
observed at all four m* absorption peaks in the C K-edge
NEXAFS, whereas the HOMO-3 derived resonance is much
weaker in intensity at the Cipnydrige 15 — LUMOs transi-
tion region and can be barely observed at the other transi-
tion regions due to the large background signal contributed
by the Auger structures on the higher BE side (also see
Fig. S1 in supplemental material®®). The observed dissimi-
lar photon energy dependence for these resonant MO-derived
VB features could be related to the wavefunction character
and symmetry of the frontier MOs (HOMO ~ HOMO-3): res-
onant photoemission arises only for specific photon energies
that can excite core electron to LUMOs whose wavefunctions
are spatially overlapping with that of the resonantly enhanced
HOMOs.>”-38 In addition to these resonant photoemission fea-
tures that are constant in BE, a resonantly enhanced Auger
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FIG. 5. RPES spectra for monolayer (a) and multilayer (b) PTCDA on Au(111). The bottom spectra are corresponding VB spectra measured with photon
energy of 60 eV and the spectra on the left side is their respective NEXAFS spectrum.

peak due to the opening of spectator decay channel, which
shows roughly linear dispersion in BE against the incident
photon energy (i.e., constant KE), can also be observed in
both monolayer and multilayer spectra (see Figs. S2 and S3
in supplemental material®).

The fact that significant resonant features resulting from
the participator decay and spectator decay channels can be
clearly resolved in both monolayer and multilayer PTCDA
on Au(111) suggests that the photo-excited electrons are con-
siderably localized in the molecules without obvious charge
transfer to the substrate within the core-hole lifetime. This
is in clear contrast to the thickness-dependent resonant pho-
toemission profile observed in certain organic-metal systems
with strong electronic coupling at the interface,”® where the
resonant photoemission features are greatly suppressed at
monolayer coverage of organic molecules. Moreover, the sim-
ilar resonant features, in particular the Auger-like autoioniza-
tion signals, in monolayer and multilayer RPES spectra also
indicate that no back-donation of electrons from substrate into
the molecular LUMO states occurs either in the core-excited
state or in the ground state. Otherwise a new superspectator
decay channel will be opened up and additional spectator fea-
tures with higher kinetic energy in RPES for monolayer film
can be detected.>*> To determine the charge transfer time
scale, the participator signal between 0 eV and 4 eV in BE
including no Auger-type signal, e.g., spectator decay and nor-
mal Auger decay, are integrated as RPES spectra, which are
plotted as a function of photon energy in Fig. 6, together with
the corresponding NEXAFS spectra for monolayer and mul-
tilayer PTCDA, respectively. The background of monolayer
integrated RPES spectrum contributed by the VB features of
Au(111) substrate was subtracted using the clean Au(111)
as a reference. The resonance profiles are both normalized
with respect to the peak 1 height in NEXAFS. As can be
seen in Fig. 6, the RPES/NEXAFS ratios (R) determined for

other LUMO peaks are RI™% = 1.36 + 0.01, Ry*" = 1.37
+ 0.02; R = 0.28 £ 0.02, RT°™ = 0.29 £ 0.04; and
RM = 0.31 & 0.02, R™ = 0.31 + 0.04. Within the er-
ror, the intensity ratio for each LUMO peak is hardly changed
from monolayer to multilayer regime, and Eq. (1) is no longer
valid for an estimation of the charge transfer time scale tcy.
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FIG. 6. Integrated RPES and the corresponding C K-edge NEXAFS spectra
for monolayer and multilayer PTCDA molecules on Au(111). The dashed
lines mark the background.
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Considering Eq. (1) is largely valid for charge transfer time
scale within one order of magnitude higher or lower than the
respective core-hole lifetime (0.6 fs < tcr < 60 £5),% we
can estimate 60 fs being the lower limit of the charge transfer
time scale for PTCDA/Au(111) interface (¢t 3> 60 fs). This
essentially indicates that the excited electrons remain local-
ized in molecules, despite the fact that the lying-down geom-
etry of molecules should facilitate interfacial charge transfer.
The slow charge transfer dynamics for monolayer PTCDA
on gold suggests weak electronic coupling and predominant
van der Waals type interactions at the PTCDA/Au(111) inter-
face, consistent with previous experimental findings. Conse-
quently, although the weakly interacting gold substrate could
potentially benefit the formation of highly ordered PTCDA
overlayers, it may not be an ideal electrode for organic de-
vice applications owing to the slow charge transfer dynamics
at this particular interface.

IV. CONCLUSIONS

We have systematically studied the molecular orientation
and electron transfer dynamics at the PTCDA/Au(111) inter-
face using NEXAFS and RPES. PTCDA molecules are found
to be lying-down on the substrate with high degree of orien-
tational order. Despite the lying-down geometry of molecules
on gold, the charge transfer time scale for both monolayer
and multilayer PTCDA is significantly longer than 6 fs as
revealed by the core-hole clock spectroscopy. The observed
slow charge transfer dynamics is a direct consequence of the
weak electronic coupling between PTCDA and Au(111), re-
sulting in a van der Waals type interface.
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