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Abstract: We report ultrafast excited state dynamics of zinc phthalocyanine
and zinc hexadecafluoro phthalocyanine thin films which have nanorod-like
structures. Excitons in the singlet states undergo multi-exponential
relaxation processes to the ground state and the singlet lifetime within a few
tens of picoseconds is attributed to the diffusion-limited exciton annihilation
process. Diffusive migration of the singlet excitons shows the anisotropic
lifetimes depending on the polarization of probe beam. Similar anisotropy is
observed in the X-ray diffraction data which exhibits long-range alignment
of molecular columns along the long axis of nanorod, whereas disordered
arrangement in lateral direction to the axis of nanorod.
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1. Introduction

Due to its superior properties including ultrafast response, thermal and chemical stability, and
flexible processing, phthalocyanine (Pc) molecules with the conjugated m-electron system
have been widely investigated for use in various optoelectronic devices [1-7]. Pcs are two-
dimensional aromatic molecules with an inner ring, and various kinds of metals can be
coordinated to the center of rings. Thus, the chemical and electronic properties of
metallophthalocyanines (MPcs) can be tuned through the variation of the metal center and the
molecular arrangement. MPcs, in particular zinc phthalocyanine (ZnPc) complexes, are of
particular interest for photovoltaic and photoconductivity applications due to their high
absorption coefficient in a wide spectral range of solar radiation and high energy conversion
efficiency.

Attributed to its low-dimensional molecular structure, intermolecular charge transfer in
Pcs is possible and it is well known that the energy relaxation of the photoexcited bound
electron-hole pair, the exciton, is critically dependent of the molecular arrangement in
molecular assemblies [2—7]. The exciton relaxation of monomeric form of Pc molecule in
solution is different from that in solid film with ordered stacking of molecular columns.
Typically, MPc gives the island growth and does not form a thin continuous film, and the
morphology and the domain-size in the solid films are sensitive to the growth conditions.
Therefore, the exciton relaxation in the solid films depends on not only the microscopic
molecular structures, but also the details of morphology of films. Although there have been
several reports on the excition relaxation in thin Pc films, their dependence on the size and the
orientation of molecular arrangement within nanostructures remains unknown. In this work,
by means of ultrafast time-resolved pump-probe spectroscopy, we investigated the effects of
morphology on the excitation energy relaxation in the nanostructured ZnPc and zinc
hexadecafluoro phthalocyanine (F;sZnPc) films. Transient transmittance responses measured
at different probe wavelengths and polarizations enabled us to understand the various optical
absorption and relaxation processes. Strong polarization-dependent relaxation times were
observed for ZnPc and F,¢ZnPc nanorod (NR) films, indicating that exciton relaxation
processes are governed by not only the size of NRs, but also the molecular arrangement and
orientation within confined nanostructures.

2. Experimental methods

The ZnPc and F¢ZnPc films were fabricated on glass substrate for transmittance
measurement. All Pc films were deposited using the thermal evaporation method under the
vacuum pressure of 3 x 107° Torr and the substrate temperature at room temperature. The
details of the film preparation method can be found elsewhere [8]. The morphologies and size
distribution of each film were analyzed using a field-emission scanning electron microscopy
(FE-SEM). Figure 1(a) and 1(b) are top-view and 1(c) and 1(d) are side-view SEM images of
ZnPc and F,¢ZnPc films, respectively, exhibiting nanostructures with different diameters.
Despite being grown under a similar growth condition, ZnPc nanorods are close-packed and
have a nearly uniform size (diameter~40 nm, length~83 nm), while nanorod-like F;sZnPc
nanostructures have tapered shape with a reduced diameter (10-15 nm). To investigate the
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anisotropic behavior of exciton recovery in nanostructures, we prepared two F¢ZnPc films
with different nanorod lengths, ~50 nm and 125 nm, but with similar diameter.

) :
o
2]
ZnPc

Fig. 1. Top-view [(a) and (b)] and side-view [(c) and (d)] FE-SEM images of ZnPc and
Fi¢ZnPc films. ZnPc nanorods are closely packed with the average diameter of ~40 nm,
whereas the diameters of F;¢ZnPc nanorods are getting smaller with a taper-shape.

Ultrafast pump-probe measurements were performed using a Ti:sapphire laser system,
which delivers ~150 fs optical pulses at a central wavelength tunable from 740 to 1040 nm.
The focused spot of the obliquely incident weak probe beam was maintained smaller than that
of the pump beam and an optical chopper was used to improve the signal-to-noise ratio. The
fluence of the pump beam was typically 0.03-0.15 GW/cm? and all the measurements were
performed at room temperature. The absorption spectra of samples are measured by an UV-
Vis-IR spectrophotometer in the wavelength range of 300 nm—1600 nm. Our Pc samples have
two major absorption bands; B-band in the UV spectra and Q-band in the VIS/NIR region. In
order to elucidate the absorption kinetics near the absorption edge, laser pulses at 740 and 800
nm were used to create excitons in Q-band of ZnPc and F¢ZnPc films, respectively. The
angle of incidence of probe beam was set at 60° in order to distinguish inter- and intra-column
interactions. Because the component of the electric field in p-polarization is parallel to the
plane of incidence, it has more access to the interaction between molecular columns, while the
component of the electric field in the s-polarization is perpendicular to the plane of incidence
so that it has access to the intra-column interaction. Therefore, the polarization of the pump
and probe beams in our measurements were defined to be either parallel ( R,) or perpendicular

(R)) to the long axis of nanorod [9]. The arrangement of molecular columns in Pc films was

determined using grazing incidence X-ray diffraction (XRD) at beamline BLO1C2 of the
National Synchrotron Radiation Research Center, Taiwan. The XRD data were taken using X-
rays with a wavelength of 1.03321 A at an incident angle of 0.1 or 0.2°.

3. Results and discussion

First, we studied the absorption of nanostructured ZnPc and F,sZnPc films. While ZnPc is a p-
type organic semiconductor, F;¢ZnPc has n-type character by introducing -electron
withdrawing unit, fluorine, to the periphery of the aromatic ring. The unit cell of F,sZnPc film
is larger than that of ZnPc because the van der Waals radius of the terminal fluorine atom of
F¢ZnPc is larger than that of the terminal hydrogen atom of ZnPc. Absorption spectra of
ZnPc and F¢ZnPc films in Fig. 2 have essentially similar structures except for the differences
in the peak wavelength and the absorbance ratio of the peaks. The absorption peak of the
Fi¢ZnPc film is largely red-shifted as compared to that of the ZnPc film, and the absorption
curve covers a broad spectral range (550-850 nm) of visible spectrum. This makes FisZnPc
an excellent candidate for light harvesting and conversion in photovoltaic devices.
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Fig. 2. Absorption spectra of nanostructured ZnPc and F¢ZnPc films. Arrows (red for ZnPc
and blue for F;cZnPc) indicate the wavelengths of excitation and probe beams used in the time-
resolved experiments.

Since ZnPc and F¢ZnPc films are consisted of nanostructures, the decay time is expected
to be associated with the molecular alignment in small-diameter nanostructures. In order to
understand the influence of geometrical shapes on the exciton dynamics in nanostructures, the
differential transmittance (DT) of ZnPc and F¢ZnPc films are measured with the probe beam
whose electric field is either parallel or perpendicular to the long axis of nanorod. Figure 3
illustrates the polarization-dependence of normalized DT for ZnPc and F¢ZnPc films
photoexcited at 0.06 GW/cm?. As soon as the pump pulse arrives, DT signals sharply increase
and then slowly recover to the ground state. The positive DT reflects the significant bleaching
of the optical transitions by the pump-induced exciton population. Relaxation of excitons to
the ground state can be described by multiple exponential processes with characteristic
lifetimes, T, 1o, and 3.

1.2
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Fig. 3. Normalized DT of the probe electric field (a) perpendicular and (b) parallel to the long
axis of nanorod in ZnPc film and F,¢ZnPc films. The inset shows the unnormalized DT for
ZnPc.

The exciton lifetimes are calculated from the best fit (solid lines) to DT curves in Fig. 3
and listed in Table 1. The initial ultrafast exciton decay has been observed in many Pcs, and is
typically assumed to be an ultrafast bimolecular process, such as electron-phonon scattering
or exciton—exciton annihilation with a lifetime of 0.5-5 ps [2-6]. Exciton decay time (t;)
measured in a few tens of picoseconds can be attributed to several phenomena; the exciton
relaxation from the singlet excited states (S;) to triplet states (T;) via intersystem crossing
(ISC) process, internal conversion (IC) from S; to Sy, or vibrational relaxation of excited state
electrons in the first excited singlet states (S; to S;). At a low excitation density, exciton-
exciton annihilation is not a dominant decay process of S; excitons. Instead, it has been found
that the diffusion-induced exciton annihilation dominates the decay process from S; to S, [7].
A long-lifetime component (t;) retains more than 400 ps, and the limit of our temporal
scanning range prevents us from an accurate determination of t; in our experiment.

Figure 3 shows that the recovery of ultrafast bleaching is polarization dependent, in which
the exciton decay processes of R -signals are significantly slower than those of R, -signals.

For the Fi¢ZnPc films with different nanorod heights, R, -signals show a clear dependence on

geometrical factor given by aspect ratio (width/height), while R, signals show nearly the
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same exciton relaxation for both samples. For the ZnPc film, the decay time of R, -signal is

again slower than that of R, signal. However, the polarization dependent 1, of the ZnPc film

is much shorter than those of the F¢ZnPc films. This may partly be attributed to the selection
of pump/probe wavelength which is either near the absorption peak or near the bottom of the
absorption band. Most of Pcs show faster exciton decay when they are excited and probed
near the bottom of the absorption band [1,3,5,6]. In our experiment, due to the tunability of
our laser system, the exciton kinetics of ZnPc is studied at 740 nm, much below the maximum
absorption, while that of Fi4ZnPc is studied at 800 nm, near the peak of the absorption band
[10]. In a separate experiment, we indeed observed much faster decay time for the F¢ZnPc
films excited at 860 nm.

Table 1. The singlet exciton lifetimes () of ZnPc and FsZnPc films

Sample F¢ZnPc 1 F6ZnPc 11 ZnPc
Lifetime (20/125) (10/50) (40/33)
‘rz(RH) (s) 482 33.2 15.8
n(R,) (s) 28.4 27.5 13.7

The anisotropic polarization dependence of exciton decay can be described by the exciton
diffusion process. ZnPc and F;sZnPc molecules are planar molecules with short interplanar
distances. In solid phase films, disc-like Pc molecules assemble in columns and are inclined
relative to the axis of the stack to form herringbone-type structure [6,11-13]. The excitons in
Pcs cannot migrate freely in all three directions of space and exciton decay process are
diffusion-limited. Diffusion-driven exciton kinetics with the lifetime of a few tens of ps
describes the relaxation of population in the singlet excited state S;. The diffusion of excitons
in nanostructures is influenced by the surroundings, such as spatial confinement on the
microscopic level by walls of nanostructures, and it is different from that of monomeric Pc.
While the lifetime of the S; state for monomeric Pc is typically very long, much faster lifetime
(27 ps) has been reported for ZnPc nanoaggregates [7]. In typical photovoltaic devices with a
planar bilayer configuration, one of the factors to limit their efficiency is the exciton diffusion
length (L¢). Exciton diffusion length is related to the exciton lifetime (z.) by the diffusion

coefficient (D,) according to the formula: L, =./D,z, . While D, depends on exciton hopping

rates between different excited states, 7. depends on exciton decay rates of the excited states
[14]. Luminescence and photocurrent measurements are often used to measure L. of Pcs [15—
19]. For ZnPc, the exciton diffusion length has been found to be about 30 nm [13], and for
ZnPc nanoaggregates, L. is known to be ~85 nm and D, to be 0.43 cm?/s [13]. Without
independent knowledge of the diffusion coefficient, we cannot estimate a precise value for the
exciton diffusion length of our nanostructured Pc samples. However, the nanorod height-
dependent exciton lifetime along R, -direction for the FcZnPc films indicates that L. of the

Fi6ZnPc films can be longer than the height of the shorter nanorod film (50 nm). Meanwhile,
diffusive exciton motion can also be limited via the trapping by impurities and the
imperfections of the molecular arrangement. Therefore, better understanding on the
crystalline structure is required.

According to the XRD patterns of the F¢ZnPc and ZnPc films in Fig. 4, the
nanostructured films have sharp diffraction peaks at 20 = 4.221° and 4.615°, which
correspond to the interplanar space between columnar stacking axes d = 14.03 and 12.83A,
respectively. The measured value of d for nanostructured ZnPc is similar to 12.90 A for
typical herringbone stacking of ZnPc [20]. Larger d for the Fi¢ZnPc film is attributed to larger
molecular size. The narrow diffraction curves suggest that both films have the long-range
crystallinity and molecular columns are almost regularly stacked along the nanorod axis
(normal to the substrate). In contrast, XRD signal in the in-plane direction (parallel to the
substrate) is nearly isotropic except a small peak at 5.021° (d = 11.80 A) for ZnPc. This result

#230634 - $15.00 USD Received 12 Dec 2014; revised 29 Jan 2015; accepted 29 Jan 2015; published 3 Feb 2015
©2015 OSA 9 Feb 2015 | Vol. 23, No. 3 | DOI:10.1364/0E.23.003230 | OPTICS EXPRESS 3234



suggests that Pc columns are consisted of micro-size domains and their orientations are
random along R, -direction. Meanwhile, those singlet excitons that perform a random walk in
nanorods may encounter traps, such as structural defects, which rapidly deactivate excitons.
Structural defects can be largely concentrated in the space between the micro-domains and
limit the exciton diffusion.

16000

> 4.221 (a) FZnPc
£14000 - (normal)
& 12000}
= 10000
E L
& soo0r
E 6000 | g .
© 4000} 0 100 200 300 (mm)
5 ineplane) x-axis
@ in-p
£ 2000¢
0 n n
12000 4615
2 (normal) (b) ZnPc
2 10000 -
2
< gooof
o
§:< 6000 |
k3
B 4000
[=2}
S 2000 5.021
c (in-plane)
o !
5 10 15 20
20 (degree)

Fig. 4. X-ray diffraction curves for (a) FsZnPc and (b) ZnPc films measured in the direction
normal- and parallel to the substrate plane. The inset in Fig. 4(a) shows the azimuthal angle
dependence of diffraction pattern and the one in Fig. 4(b) pictures the schematic of molecular
arrangement within a nanorod. The bending at the tip as well as the tapered shape of F sZnPc
nanorods may be responsible for the large background and the appearance of extra peaks in the
XRD curves.

By the way, the inset in Fig. 3 shows that the unnormalized DT of R, -signal is much
larger than that of R, -signal. This result reveals that despite the random molecular orientation
of micro-domains, more excitons are generated within the n-stacks of Pcs in R, direction, but
their recovery processes are limited by the morphological parameters.

4. Summary

In summary, we demonstrated the ultrafast exciton dynamics in vertically aligned ZnPc and
F4ZnPc nanostructures. The ground state bleaching near the Q-band edge followed by multi-
exponential recovery was commonly observed for ZnPc and FsZnPc nanorods. The diffusive
migration of singlet excitons before annihilation dominates the exciton dynamics. The singlet
exciton lifetime shows a strong dependence on the length of nanorods as well as the
polarization of the probe beam. Longer exciton lifetime along the axis of nanorod implies the
diffusive migration of excitons through the molecular columns stacked parallel to the
substrate. In lateral direction to the axis of nanorod, the diffusion of excitons is limited by
randomly oriented molecular columns. These results suggest the evidence of anisotropic
growth of Pc molecules in nanostructures and identify the anisotropic singlet exciton lifetimes
in Pc organic materials. Finally, this work provides a full understanding of dynamics of
excitons in nanostructured organic materials and the reduced singlet exciton diffusion within
nanostructures offer their potentials in small-molecule photovoltaic devices.
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