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Ultrafast electron transfer and relaxation dynamics

at organic molecules-metal interfaces
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Organic light emitting diodes (OLED) have attracted much attention since the first application of
OLED in 1987. There have been extensive theoretical and experimental studies for an understanding of the
physics of OLED. It has been suggested that excited states and electron dynamics in organic thin films and at
metal interfaces are crucial to achieve high efficiency in the operation of OLED. However, the electronic states
of organic molecules at metal interfaces, in particular, charged states such as electron affinity levels and their
dynamics have not been thoroughly studied. Most of the studies on the dynamics of excited states and electron
transfer at organic/metal interfaces have been derived from steady-state current-voltage characteristics. These
results are often influenced by many other interface and bulk properties. Surprisingly we have little knowledge
even on the affinity levels of organic molecules at interfaces and their energy alignments with respect to the
Fermi level (Er) of metals, which are the most crucial point in basic science and practical applications.
Therefore, it is vital to identify the electronic states of organic semiconductor molecules not only in thin films
but also metal interfaces and to explore their ultrafast dynamics.

Given the perspective cited above, the aim of this thesis is to explore mainly three subjects regarding
excited-state and electron dynamics in organic thin films and at metal interfaces:

(i) Excited-state dynamics in organic thin films,
(ii) Electronic structure at organic-molecule/metal interfaces,
(iii) Ultrafast electron dynamics at organic-molecule/metal interfaces.

Organic  materials employed in this study are mw-conjugated molecules of
tris-(8-hydroxyquinolate)-aluminum (Algs) and 3,4,9,10-perylene tetracarboxylic dianhydride (PTCDA). They
are archetype organic semiconductor molecules and have been extensively studied because of their unique
features. To achieve the goals of this thesis, we employed femtosecond time-resolved two-photon
photoelectron spectroscopy (TR-2PPE). TR-2PPE has the following unique capabilities: (1) direct observation
of electrons dynamics at specific electron energy and momentum in the femtosecond time scale (2) high
sensitivity to excited states at molecular-metal interfaces, (3) observation of electron transferred states, i.e. the
electron affinity levels of organic molecules. TR-2PPE studies incorporated with various surface science
techniques such as ultraviolet photoelectron spectroscopy (UPS), x-ray photoelectron spectroscopy (XPS)
uncover not only electronic structures but also ultrafast electron dynamics at organic molecule-metal interfaces.
The time-resolution of TR-2PPE experiments is drastically improved in this study by using a mirror dispersion
controlled Ti:sapphire oscillator (pulse width ~ 12 fs at 800 nm) or a home-made NOPA (pulse width ~ 12 fs at
500 ~ 700 nm) as a light source.

(i) Excited-state dynamics in organic thin films

Forrest and coworkers investigated the optical transitions of PTCDA in solution and thin films by
measuring absorption and fluorescence spectra. In the S, state manifold the fluorescence quantum efficiency
reaches the maximum at hv = 2.1 eV and drops sharply to < 1% at hv > 2.2 eV. This suggests that
non-radiative surface recombination of excitons is responsible for the low fluorescence quantum efficiency of
the S; state. However, there have been no direct measurements of the decay dynamics of the Sy and
higher-lying excited states. This thesis describes the ultrafast excited-state dynamics in PTCDA thin films. The

energy relaxation of vibrational states in the S; manifold manifests itself in the time-dependent energy shift of
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2PPE signals attributed to them. The lifetime of the nearly radiationless S; state is determined to be 36012 fs,
which is about four orders of magnitude shorter than the energy dissipation channel for charge-transfer

excitons via fluorescence.

(ii) Electronic structure at organic-molecule/metal interfaces

In previous studies on the electronic structures of organic molecules, the energy alignment at metal
interfaces has been discussed by the experimental results based on electron spectroscopy for occupied states
and absorption spectroscopy for the HOMO-LUMO transition. This approach usually leads to misleading
conclusions. Thus, we observed directly the energy level of an affinity level at Alqgs/metal interfaces and
explored how it depends on metal substrates of Cu and Au. The affinity levels of Alg; were observed at 2.8 eV
for Cu(111) and 3.8 eV for Au(111) above Er. In both cases, the energy position of the affinity level with
respect to HOMO is very similar to that of thin films, indicating that the interaction between Alq; and surface
atoms is very small. The binding energy of the affinity level with respect to the vacuum level is independent of
the metal substrates used in this study. Therefore, the affinity level is pinned to the vacuum level. For
Algs/Cu(111), the energy of the affinity level decreases with increasing the coverage due to the polarization
effects of surrounding molecules. From the combination of angle- and time-resolved measurements, we

concluded that the affinity level is spatially localized in individual molecules.

(iii) Ultrafast electron dynamics at organic-molecule/metal interfaces

The rate of electron transfer is governed by the electronic coupling strength between donors and
acceptors. Recently ultrafast spectroscopy incorporated with various surface science techniques has been
developed to explore the interfacial electron transfer on metal or semiconductor surfaces. However, our
knowledge is mostly limited in small molecules such as CO, H,O and C4Fs. Electron transfer dynamics from
metals to large organic molecules relevant to organic semiconductor devices has been still unclear. Thus, we
observed on the ultrafast electron transfer dynamics at Algs/metal interfaces in the femtosecond timescale. This
is the first spectroscopic study of interfacial electron dynamics by employing a practical and a promising
organic molecule that is characterized by the large molecular size of 10 A with a complicated molecular
structure.

From the time-resolved measurements, the lifetime of the affinity level is determined to be 3142 fs
for Algs/Cu(111). On the other hand, the affinity level on Au(111) surface decays more rapidly, i.e. the lifetime
is estimated to be < 10 fs. The ultrafast decay rate on the Au(l11) surface is attributed to the resonance
coupling between the affinity level and Au sp-bands. The lifetime of the affinity level for Alqs/Cu(111) was
measured at the range of 1 ~3 ML. The lifetime of the affinity level is independent of the coverage, indicating
that excited electrons into the Alg; ultrathin film are localized at the first interface layer. Consequently, we
proposed that the electron transport rate in Alqs thin films is limited by electron (polaron) hopping out of the
first Alqs layer. The femtosecond dynamics of intramolecular structural relaxation and/or the reorientation of
surrounding molecules triggered by the formation of a localized anion manifest themselves in a dynamic peak
shift of the affinity level in the TR-2PPE spectra. A quasi-linear peak shift of -1200 meV/ps was observed for
1.1 ML Algy/Cu(111). At the end this thesis summarizes the major results of the current study and provides

future prospects.
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HEINZELH L. ABEPERTNA ARCEELZREBENZEES TFOERES N

CEBEOBEICBITAETHE. MEREBEOEN., EFBEHIAFIVvIATDODNVTO
EBRHHEREZETEDEDBDTHD, KO 2DO0FLHAFEICIDODWTEHLLIERSN
T35, | |
(1) 3,4,9,10-perylene tetracarboxylic dianhydride (PTCDA) W B 5 ETRERE
B, PTCDA W< OBEAER L THAIMIZ 2 Kok T 2HBHNLAERLEELRSTFO
—DTHD., TORMENORVETHEECHTLIZLOWENRINTEE, LIL,
BHEOXZHNEELREEZXETHIEFHEREBEOHHNBAR I DWW TR TFIZIZHLEN TN
BV AN TR, 7oA NOBREDME 2 THETHIEQPPE)ICK D PTCDA #EOE
FHEREZHLONMITHEEDIZ, EFHEREFMOERMENMZITV, (AS1IREDFa
X CTREOENAFMID 4HE<EN360fs THD., GIFRIFIINF—OHEMIIELC T
FEFMIBBICELS D, SeRRETIR 70fs TWEIRZRS, REOHREZ B, 1Eo T,
SR EOBEBFRETIE So RENOBD TEVWANHIEBENEEZES ZENHALSNITRD
o TNOLDORBBRIIEAPERETEZALSNBVWHBALANETH S,
(2)tris 8-hydroxy-quinoline aluminum(Alqs) - B BRABEICB I 2EFBEHI 1T I v D
Ao Als i ZBEWTL 7 PO IRy ABFLCBTLIRNE,. EFRMEBELTHWVWS
NHEREWBHTFTH2. SERAETOEFRE. KX, TITOEFEHI1FTIv D
ZIEREEETFNAA ZOBTHRICKEREEBERIETEZEZAOND A, MERITEM A
IV B2 SMEBENCERINTE L. ERXTIE. MELORBERQUIDEE LIC Algs
EZHRIEL TCHBEL . BHMIM2PPEICLD  BFBEHIAFI v I AZEERASHITL .
7., BEFEHICEZEEGT S Algs DEAT T CRENSBEO TNV IEEMEID B 3eV
FIZMBELTBD, ZOHFMN Cu(111)ERE THE 31fs. Au(11DEHE TlE<10fs EWN I D
TEFEFMTHDEEZDTRWE L, ZNIE, Algs NIV TN TOEFBEITHLRTE
—BICh2AB1FRENSEENOTEEFBE NN I00FULDESEEZSL I EEZEK
G5, Fle. B1FCRBEE—RBIZHEEL4D Al FIEBELTWS I EBHLNIT
o, THIZ, BTIFUERICHESBEERICED, BFRENERMICELTSI L
EHOTRWELE. COLIBBRICEDE, ETHEDROMLEOLZDICIIZIDOET
FORBOREN, - EFEMENBOTEETHLENIBMICEL =,

AN, HEROBRITEBESNRP o FAEOE VNS DPORRZT>THO,
FOBRBOMMITDODNTHHLNWERNBRINTWS, £k, ERULRBENINVAEZE
BIDDHFENRTARN )y VHIERZEETHIREEBHM COREILRMNKRINTNS,
o> T, FOFVIPFIU T4 EEL, BEHXELTTRREEZHBAZDD EHML .
B, ORRBRICBVWTHHEZICI L TEEZEEL SHEEN. HEHR. BoNEERC
BdsBEMMNINZN, WERKBRIZENHD., TOHBEIRELEBICETLI2HOLEEAD
5Nz, MXIEZREBENENNTRD, EBHKELTH TR ONH D EHEL
Foo £l ARRERICBVTHHERSEICH L THHMAIBERTN. BEE 300
ENCHBELWEHETL 2.
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