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We present a comprehensive study of the optical and transient photoconductive properties of
pentacene and functionalized pentacene thin films grown by evaporation or from solution onto a
variety of substrates. The transient photoconductivity was studied over picosecond time scales using
time-resolved terahertz pulse spectroscopy. The structure and morphology of the films were assessed
using x-ray diffraction, atomic force microscopy, and scanning electron microscopy. Regular
pentacene films grown by evaporation under similar conditions but on different substrates yielded
polycrystalline films with similar morphology and similar optical and transient photoconductive
properties. Single exponential or biexponential decay dynamics was observed in all of the regular
pentacene films studied. Functionalized pentacene films grown by evaporation at two different
substrate temperatures �as well as from solution� yielded significant variations in morphology,
resulting in different optical-absorption spectra and transient photoconductivities that could be
correlated with film structure. The lower limit of the charge-carrier mobility, estimated from the
amplitude of the transient photoconductive response, was �0.02–0.04 cm2/V s in the case of
regular pentacene films and �0.01–0.06 cm2/V s in the case of functionalized pentacene films,
depending on the film morphology. The best functionalized pentacene films exhibited transient
photoconductivity values reaching �30% –40% of those obtained in functionalized pentacene
single-crystal samples, and showed similar power-law decay dynamics. We also report on terahertz
pulse generation from voltage-biased pentacene thin films. © 2005 American Institute of Physics.
�DOI: 10.1063/1.1949711�

I. INTRODUCTION

For over 50 years, organic semiconductors have been in-
vestigated as an alternative to inorganic semiconductors in an
effort to achieve low cost, easy fabrication, and tunable
properties.1,2 Applications envisioned for organic semicon-
ductors include xerography, thin-film transistors, light-
emitting diodes, solar cells, and many others.3,4 Since most
of these applications rely on the conductive and photocon-
ductive properties of the materials, it is important to under-
stand the physical mechanisms of charge photogeneration,
transport, trapping, and recombination. However, despite nu-
merous theoretical and experimental studies of the optical
and electronic properties of organic solids, these mechanisms
are not well understood and are still the subject of debate in
the literature.5–7 Indeed, it is a complicated task to reveal the
intrinsic properties of organic materials, since they are often
masked by the influence of impurities, the presence of which
is very sensitive to the methods of material purification and
device fabrication.8–11 In addition, most experimental tech-

niques that assess the electronic properties of materials re-
quire the application of static electric fields with deposited
electrodes. The processes occurring at the metal-organic in-
terfaces at the electrodes can significantly affect the perfor-
mance of a device,12 making it difficult to observe the intrin-
sic properties of the material.

Since many applications proposed for organic semicon-
ductors would utilize thin-film geometries, it is necessary to
understand the relationships between morphology and the
optical and charge transport properties of the films. This, in
turn, could help improve the film preparation methods. It is
well known that optical-absorption spectra and charge-carrier
mobilities of organic films are sensitive to the film structure
and morphology.10,11,13–20 Often, however, structure-property
relationships are not straightforward9,10,20 and, therefore,
comprehensive studies that simultaneously link a variety of
properties to film morphology are in demand.11,18

Time-resolved terahertz pulse spectroscopy is an experi-
mental technique that uses electromagnetic pulses in the tera-
hertz part of the spectrum to explore the far-infrared conduc-
tivity and ultrafast carrier dynamics in various classes of
materials.21,22 Optical-pump–terahertz-probe time-resolved
spectroscopy allows the transient photoconductive properties
of materials to be measured with subpicosecond time resolu-
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tion, and has the added advantage of being a non contact
technique �i.e., no electrodes required�. In this technique, the
transmission of a terahertz pulse through a sample in the
presence of optical excitation is measured as a function of
the delay time between the optical-pump and the terahertz
probe pulses. Optical-pump–terahertz-probe spectroscopy
has been utilized in studies of nonequilibrium carrier dynam-
ics in a variety of materials such as inorganic semi-
conductors,23,24 semiconductor nanoparticles,25 liquids,26

insulators,27 organic crystals,28,29 and has recently been ex-
tended to polymers30 and polyacene thin films.31 It is a valu-
able technique for probing the photogeneration of mobile
charge carriers, intrinsic charge transport, and structure-
property relationships. Recently, optical-pump–terahertz-
probe spectroscopy allowed us to observe subpicosecond
charge-carrier photogeneration and bandlike charge transport
in functionalized pentacene single crystals as well as regular
and functionalized pentacene thin films.28,31,32

In this article, we report on the optical properties and
ultrafast carrier dynamics in a variety of pentacene and func-
tionalized pentacene thin films. We correlate the optical-
absorption spectra and transient photoconductivity of the
films with their morphology, as studied by atomic force and
scanning electron microscopies. The paper is organized as
follows: Sec. II describes the materials studied, the sample
preparation methods, and the experimental procedures used
in characterization of the morphological, optical, and tran-
sient photoconductive properties of the samples. Section III
presents the results from x-ray diffraction, atomic force
and/or scanning electron microscopy, optical-absorption
spectra, and transient photoconductive properties of penta-
cene �Sec. III A� and functionalized pentacene �Sec. III B�
samples. Section IV discusses the results in the context of
structure-property relationships, and a summary is given in
Sec. V.

II. EXPERIMENT

A. Materials

In our studies, we used thin films of regular pentacene
�Pc� and a pentacene derivative functionalized with the tri-

isopropylsilylethynyl �TIPS� side groups �FPc�.33,34 Pc was
obtained from Aldrich and used without further purification.
All of the Pc and most of the FPc films were prepared on
mica, glass, or KCl substrates by thermal evaporation of the
corresponding powder heated to 200–250 °C in high
vacuum �10−6−10−7 Torr� at a deposition rate of 0.3 Å/s.
Chemical structures of the molecules as well as information
about the films discussed in this paper are given in Table I,
where different samples prepared simultaneously �i.e., under
exactly the same deposition conditions� on the same type of
substrate are presented as, for example, Pc 1 and 1�, whereas
those prepared simultaneously but on different substrates are
labeled as, for example, FPc 2a and 2b. During the vacuum
deposition of all Pc films �Pc 1–4� and FPc films 1 �FPc 1a,
1a�, and 1b� and 3 �FPc 3a, 3a�, and 3b�, the substrate was
maintained at room temperature �Ts=25 °C�, while the films
FPc 2 �FPc 2a and 2b� were obtained at a substrate tempera-
ture of Ts=85 °C. The film FPc 4 was cast from tetrahydro-
furan �THF� solution on a glass substrate at room tempera-
ture. Compared to the FPc films thermally evaporated at Ts

=25 °C, those grown from a solution or thermally evapo-
rated at elevated substrate temperature yielded larger crystal-
line domains and exhibited improved photoconductive prop-
erties, as we discuss later in the paper. The thickness of the
films was measured with a profilometer �Tencor Instruments�
and ranged between 150 nm and 1.3 �m �Table I�. FPc
single-crystal samples were grown from solution and typi-
cally had dimensions of 2�4 mm2 and a thickness of
0.3–0.5 mm.28,33,35

It is well known that polycyclic aromatic hydrocarbons
including pentacene and its derivatives can be unstable in the
presence of light and oxygen.36,37 Although we did not ob-
serve any photobleaching and/or degradation in the Pc films,
some FPc films showed signs of partial photobleaching un-
der ambient light within several months. Therefore, all the
measurements reported here were carried out using freshly
prepared samples that were stored in the dark between ex-
periments, so that no day-to-day variation in the optical and
photoconductive properties of the samples was observed.
Furthermore, many FPc thin films slowly degraded under

TABLE I. Summary of thin-film and single-crystal samples used in our study.
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pulsed laser illumination, with the transient photoconductiv-
ity signals reduced by 20% after �15–30 min of pulsed il-
lumination at 580 nm, for the laser fluences typically used in
our experiments �Sec. II D�. In order to avoid this problem,
pulsed illumination of the same spot on a FPc film was lim-
ited to �2–10 min, depending on the film, after which the
sample was translated to a new region.

Interestingly, more-crystalline FPc films exhibited much
slower photodegradation than the amorphous ones, and for
the FPc 4 thin film and the FPc single-crystal samples, we
did not observe any photodegradation of the photoresponse
even after many hours of pulsed illumination. In addition, all
the FPc crystals, the FPc 4 film, and all of the Pc films were
very stable with respect to photo-oxidation in air under am-
bient light and have not shown any signs of degradation over
a period of at least one year. All the Pc and FPc samples
studied exhibited the same values of photoconductivity when
exposed to air or kept in vacuum.

B. Optical absorption

For measurements of the optical-absorption spectra of
the films, the light from a tungsten source was coupled to a
fiber for illumination at normal incidence. The light transmit-
ted through the samples was collected by a second fiber and
analyzed using a charge-coupled device �CCD� spectrometer
�Ocean Optics�. All spectra obtained from the thin-film
samples were referenced to those of the corresponding sub-
strates, whereas the spectra from solutions were referenced
to those of the solvents. For measurements of temperature
dependence, the thin-film samples were mounted on 1.5
-mm apertures and placed in an optical cryostat �sample in
vapor�. The measurements were carried out in the range of
10–290 K, both in cooling and heating modes. The changes
in the absorption spectra of all our samples with the tempera-
ture were gradual, completely reversible, and did not depend
on the thermal cycling of the sample. The data were taken at
30–40-K intervals, and at each temperature they were refer-
enced with respect to the corresponding substrate.

C. Characterization of film structure and surface
morphology

Glancing angle x-ray diffraction was performed on the
films using a CCD diffractometer �Bruker-Nonius X8 Pro-
teum� with a rotating copper anode and graded-multilayer
focusing optics. The angle between the plane of the sample
and the incident beam was 4°, and the sample-to-detector
distance was 100 mm. During exposure, the sample was ro-
tated a full 360° about the normal to the film surface. Atomic
force microscopy �AFM� images were obtained at room tem-
perature using a multimode AFM �Digital Instruments� in
tapping mode with Si cantilevers oscillating at a frequency of
100–300 kHz. The lateral resolution was about 15 nm. Sec-
ondary electron micrographs were obtained at room tempera-
ture using a Hitachi S-4800 �cold tip field emission� scanning
electron microscope �SEM�. No conductive coating was ap-
plied to the sample surface. The electron beam was at normal
incidence to the sample, and the accelerating voltage was
1.5–3 kV.

D. Transient photoconductivity

1. Optical-pump–terahertz-probe experiments

A detailed description of the optical-pump—terahertz-
probe experimental setup has been reported elsewhere.24,38

Briefly, an amplified Ti:sapphire laser source �800 nm,
100 fs, 1 kHz� was used to produce optical-pump pulses at a
wavelength of ��580 nm through optical parametric ampli-
fication and terahertz probe pulses generated via optical rec-
tification in a 0.5-mm-thick ZnTe crystal. The samples were
mounted on 1–2-mm apertures, and both the terahertz-probe
and optical-pump pulses were at normal incidence to the
surface of the films or a-b plane of the single-crystal samples
�Fig. 1�a��. The experiments were carried out in air at room
temperature. The electric field of the terahertz pulse transmit-
ted through the samples, T�t�, was detected by free-space
electro-optic sampling in a 2-mm-thick ZnTe crystal and
monitored at various delay times ��t� with respect to the
optical-pump pulse. Terahertz transmissions through the sub-
strates used in our experiments were 88%, 44%, and 30% in
the cases of mica, KCl, and glass substrates, respectively;
among the films grown on different substrates under the
same conditions, the best signal-to-noise ratio in photocon-
ductivity transients was obtained in films grown on mica,
due to its relative transparency at terahertz frequencies. The
range of optical-pump fluences employed in our experiments
was 0.9–1.5 mJ/cm2. No transient photoconductivity was
observed upon optical excitation of the substrates alone. Op-
tical excitation of all thin-film and single-crystal samples

FIG. 1. Schematic for �a� optical-pump–terahertz probe experiments and �b�
terahertz generation experiments.
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with ��580 nm resulted in a change in the transmitted elec-
tric field �−�T�t�� due to the transient photoconductivity
�i.e., mobile photocarriers�.31 We note that the polarization of
photogenerated neutral excitons by the terahertz electric field
would result in a phase shift between the −�T�t� and T�t�
wave forms.39 However, in the absence of this phase shift, as
was the case for all our samples, the optically induced rela-
tive change in the terahertz peak amplitude �−�T−T0� /T0

�−�T /T0, where T0 is the amplitude of the terahertz pulse
transmitted through unexcited sample� provides a direct mea-
sure of the transient photoconductivity.28,29,31 In the approxi-
mation of a thin conducting film on an insulating substrate,
the differential transmission �−�T /T0� due to optical excita-
tion of mobile carriers at small ��T /T0� is related to the tran-
sient photoconductivity as follows:24,28,29 �=−��T /T0��1
+N� / �Z0d�, where Z0=377 � is the impedance of free space,
N is the refractive index of the substrate at terahertz frequen-
cies, and d is the film thickness. Using this expression, and
setting the maximum value for the transient response at �t
=0 so that ��T /T0�max= ��T�0� /T0�, the product of the
charge-carrier mobility ��� and photogeneration efficiency
��� can be calculated as follows:31

�� = ��T�0�
T0

� h��1 + N�
eF�1 − R��1 − exp�− 	d��Z0

, �1�

where e is the electric charge, h is Planck’s constant, � is the
light frequency, 	 is the absorption coefficient, F is the inci-
dent fluence, and R is the reflection coefficient.

2. Terahertz generation experiments

Gold �Au� electrodes 110 nm thick were deposited on
some of the Pc thin-film samples by thermal evaporation
through a shadow mask, leaving a gap of 330 �m between
the electrodes. These samples were mounted on an aperture
and optically excited with 580-nm, 100-fs pulses at a fluence
of �0.7 mJ/cm2 at normal incidence �Fig. 1�b��. The bias
voltage �V� was applied using a dc high-voltage power sup-
ply. The electric field of the terahertz pulse, E�THz�, emitted
from the sample was detected by free-space electro-optic
sampling in a 2-mm-thick ZnTe crystal.24,38

III. RESULTS

A. Pentacene

1. Morphology and optical properties

Pc films prepared as described in Sec. II A yielded poly-
crystalline structures. X-ray-diffraction analysis revealed that
the crystallites in all Pc films �Pc 1–4� were oriented with
their c axis perpendicular to the substrate, in agreement with
previous studies of similarly prepared films.4,40 AFM con-
firmed a dendritic grain structure that appears to be charac-
teristic of polycrystalline pentacene films.10,40,41 The average
grain size was approximately 0.7–1.2 �m �e.g., �1–1.2 �m
in the film Pc 4, as shown in Fig. 2�. The grain size was
slightly dependent on the substrate, with the largest average
grain size obtained in films deposited on a glass substrate.32

Optical-absorption spectra of our polycrystalline Pc
films did not vary appreciably from film to film and were

similar to those reported in the literature.2,6,13,14,17,42,43 It is
characteristic for aromatic-type organic materials to exhibit a
redshift �or displacement �� of the absorption spectrum in
the solid phase compared to the gas phase or in a nonpolar
solution due to enhanced Coulomb interaction of the mol-
ecule with its surrounding and exchange interactions be-
tween translationally equivalent molecules.2,44 The displace-
ment ��� is different for each electronic state; it depends on
the transition moments and molecular-orbital overlap; and if
the spectrum of the solid phase is compared with that of a
solution, � depends on the polarity of the solvent. In the case
of the lowest electronic transition, the displacement can ex-
hibit values as low as �10 cm−1 �as for benzene single crys-
tals compared to a benzene solution in ethanol44� and as high
as �2500 cm−1, depending on the material �e.g., �
�1000–1500 cm−1 in anthracene and tetracene single crys-
tals compared to their respective solutions in ethanol44 and
��2400 cm−1 in polycrystalline pentacene films compared
to solutions of pentacene in benzene13�. As seen from Fig.
3�a�, in our Pc films, the displacement of �95 nm
��2400 cm−1� with respect to the spectrum of Pc solution in
chlorobenzene �C6H5Cl� is obtained, similar to that in Ref.
13. In addition, Davydov splitting45 due to interaction of
translationally nonequivalent molecules, characteristic of
crystals with several molecules per unit cell �two in the case
of Pc�,2 is clearly observed in the spectra of the Pc films
�e.g., a and b bands in the spectrum of the film Pc 4 in Fig.
3�a��. From the literature, the values for Davydov splitting of
the 0-0 band obtained in Pc samples range from �880 cm−1

in the case of quasiamorphous films14 to 1100 cm−1 in the
case of single crystals. Also, the values of �900 and
990 cm−1 have been reported in Pc films in the “thin-film
phase” and “single-crystalline phase,” respectively.42 In our
Pc films, Davydov splitting values of �960–1050 cm−1

were obtained at room temperature, depending on the film,
which suggests the prevalence of the single-crystalline phase
in all samples.

Figure 3�b� shows an absorption spectrum of the film Pc
4 as a function of temperature �for clarity, only the data at
290, 200, and 10 K are shown�. As the temperature de-
creases, several gradual changes occur in the spectrum. First
of all, the absorption tail observed from 720 to 780 nm at
290 K, which is likely due to transitions originating at higher

FIG. 2. Atomic force microscopy image of the film Pc 4 �on glass�. The
dimensions of the image are 2�2 �m2, and the vertical scale is 210 nm.
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vibronic levels of the ground state,44 becomes less pro-
nounced at lower temperatures and completely disappears at
10 K. We note that absorption tails in polyacenes have also
been attributed to defect states and disorder.14,46 Second, at
low temperatures the absorption bands are better resolved,
which could be due to reduction in lifetime broadening
effects.2 In addition, the Davydov splitting increases by
�150 cm−1 upon cooling from 290 to 10 K, indicative of
enhanced intermolecular interaction.17 Finally, the relative
strength of various bands, including the a and b transitions
�Fig. 3�, changes with the temperature, which has been pre-
viously observed in tetracene and pentacene thin films and
attributed to molecular reorientations that cause changes in
mutual molecular overlap within the unit cell.14,15,47

2. Transient photoconductive properties
a. Optical-pump–terahertz-probe experiments. As we dis-

cussed in Sec. III A 1, in all our Pc films, the crystallites are
oriented with their c axis perpendicular to the substrate.
Therefore, the electric field of the terahertz pulse probes the
transient photoconductivity in the a-b plane of the crystal-
lites. Figure 4 shows the negative differential transmission
�−�T /T0� of the terahertz-probe pulse as a function of delay
time ��t� between the optical-pump and terahertz-probe
pulses, which reflects the dynamics of the transient photo-
conductivity �Sec. II D� in thin films Pc 1, Pc 3, and Pc 4.
The transient photoconductivity observed in all Pc films is
characterized by fast charge photogeneration that occurs in a
time less than 400 fs,31 limited by the time resolution of our
setup, followed by decay due to carrier trapping and recom-
bination. The product of charge-carrier mobility ��� and pho-
togeneration efficiency ��� calculated from Eq. �1� using the

maximum amplitude ��T�0� /T0� of the transient response ex-
hibited similar values of �0.02–0.04 cm2/V s in all the Pc
films studied �Table II� and did not reflect small differences
in the grain size of the films grown on different substrates.32

Moreover, in all of the Pc films the decay dynamics at room
temperature could be described either by a single exponential
�
exp�−�t /��� with a time constant ��0.7–1 ps �Refs. 31
and 32� or biexponential �
A exp�−�t /�1�+B exp�−�t /�2��
with the contribution of the fast decay component ��1

�0.6–1.2 ps� dominating over that of the slow decay com-
ponent ��2�5–16 ps� with A / �A+B��0.75, depending on
the sample �Table II�. Although it is not straightforward to
relate the charge-carrier mobility to the grain size of the
polycrystalline films,10 longer decays of the transient photo-
conductivity due to fewer grain boundaries that serve as trap-
ping sites would be expected in films with a larger grain size.
However, although the grain size ��1–1.2 �m� in our Pc
films grown on a glass substrate was slightly larger than in
those grown on mica �0.7–0.8 �m�, this difference did not
result in significantly different decay dynamics �Fig. 4�. As
seen from the parameters of the fits �Table II�, the sample-
to-sample variation in our signals is not due to the substrate-
related difference in morphology, since similar differences in
the decay dynamics were obtained in films grown on the
same substrate �e.g., Pc 1 and Pc 3��. Moreover, some dif-
ferences in the decay dynamics were observed even in films
grown on the same substrate under identical conditions �e.g.,
Pc 1 and Pc 1��, which suggests that local defects may influ-
ence the transients. As a result, even in our best Pc films, the
deep-level trapping on grain boundaries, defects, and/or
chemical impurities prevented the observation of the carrier
transport on time scales above �20–30 ps after photoexci-
tation �inset of Fig. 4�.

b. Terahertz generation experiments. One of the manifes-
tations of ultrafast carrier generation and high charge-carrier
mobility in our Pc films is terahertz generation due to accel-
eration of the photogenerated carriers by an applied static
electric field in a voltage-biased sample.22 While ultrafast
photoconductive switches that produce terahertz generation
have been studied extensively in inorganic materials,48 most

FIG. 3. �a� Optical-absorption spectra of the film Pc 4 �solid line� and a
dilute solution of Pc in chlorobenzene C6H5Cl �dash-dotted line� at room
temperature. The a and b bands of the 0-0 Davydov doublet are indicated.
�b� Optical-absorption spectrum of the film Pc 4 at 290 K �solid line�, 200 K
�dashed line�, and 10 K �dash-dotted line�.

FIG. 4. Differential transmission �−�T /T0� as a function of pump-probe
delay time ��t� obtained in Pc 1, 3 �both on mica�, and 4 �on glass� thin
films under optical excitation at ��580 nm in air at room temperature. Fits
with a biexponential function are also shown �parameters are listed in Table
II�. The transients are offset along the y axis for clarity. The inset shows the
−�T transients normalized to their values at �t=0 obtained under the same
conditions in the Pc 3 and Pc 3� films �both on mica�.
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organic terahertz emitters utilize optical rectification in a
noncentrosymmetric crystal or poled polymer to produce
terahertz generation.49 To date, the only reports of terahertz
generation from organic semiconductor photoconductive
switches have been based on poly�phenylene vinylene�
�PPV� polymer films.50 Figure 5 shows the terahertz pulse
generated in the film Pc 2 upon optical excitation at the
wavelength of �580 nm at a voltage bias of 700 V �solid
line�, which corresponds to an applied electric field of
�21 kV/cm. The polarity of the terahertz pulse depended on
that of the applied voltage, and no signal was detected at
zero bias �Fig. 5, dashed line�, which confirms that the ob-
served terahertz generation is not due to any possible optical
rectification effects.49 In general, the spectrum of the tera-
hertz pulse generated in a biased photoconductor depends on
the sample geometry, photoconductivity of the material, bias
voltage, and the optical excitation density.21,51 In our experi-
mental geometry �Sec. II D� at an incident fluence of
�0.7 mJ/cm2 and an applied voltage of 700 V, the spectrum
of the terahertz transient generated in the film Pc 2 is cen-

tered at �0.6 THz and has a bandwidth of about 0.8 THz
with frequency components up to �1.7 THz �inset of Fig. 5�.
This is comparable with the terahertz pulse spectra obtained
from biased low-temperature �LT�-GaAs photoconductive
switches,51 and further shows that mobile photocarriers in
pentacene are generated in subpicosecond time scales. Ul-
trafast photogeneration of mobile charge carriers within sub-
picosecond time scales was also reported in the terahertz
emission experiments using voltage-biased PPV polymer
thin films.50

B. Functionalized pentacene

1. Morphology and optical properties

The structure and morphology of the FPc thin films were
independent of the substrate used but sensitive to the prepa-
ration conditions and the film thickness. Figure 6�a� shows
the absorption spectra of a dilute solution of FPc molecules
in THF �dash-dotted line� and the film FPc 1b �solid line� at
room temperature, similar to the spectra obtained in TIPS
FPc samples in Refs. 52 and 37. The spectra of the films FPc
2b, FPc 3b, and FPc 4 are significantly different, as seen in
Fig. 6�b� �dash-dotted, solid, and dashed lines, respectively,
all at room temperature�. In contrast with regular Pc mol-
ecules that form a “herringbone-type” packing structure in a
crystal with two molecules per unit cell, the TIPS FPc mol-
ecules assume a “brick-wall-type” packing28,33 with one mol-
ecule per unit cell and, therefore, no Davydov splitting is
expected in the spectra of FPc films. As we discussed in Sec.
III A 1, a redshift �or displacement �� of the absorption spec-
trum is expected in the solid phase compared to the gas
phase or in solution, regardless of the number of molecules
per unit cell. In our FPc films, the displacement � of the
lowest electronic transition depends on the structure and
morphology of the films. For example, as seen from Fig. 6,
the redshift of the spectrum of the film FPc 1 compared to
that of FPc molecules in THF is only about 5 nm

TABLE II. Summary of transient photoconductivity results.

Sample
Decay

dynamics a
�1

�ps�b
�2

�ps�b A / �A+B�b
��

cm2/ �V s�c

Pc 1 Bi exp ¯ 1.14 16 0.83 0.03
1� Single exp 0.97 ¯ 1 0.02

Pc 2 Single exp ¯ 0.71 ¯ 1 0.03
Pc 3 Bi exp ¯ 0.82 12 0.86 0.04

3� Bi exp 0.72 9.3 0.92 0.03
Pc 4 Bi exp ¯ 0.64 5 0.79 0.03
FPc 1 ¯ ¯ ¯ ¯ ¯ �0.01
FPc 2 Power law 0.53 ¯ ¯ ¯ 0.06
FPc 3a Single exp ¯ 1.35 ¯ 1 0.03

3a� Single exp 0.64 ¯ 1 0.025
FPc 4 Power law 0.53 ¯ ¯ ¯ 0.06
FPc single
crystals

Power law 0.5–0.7 ¯ ¯ ¯ 0.15–0.2

aPower-law exponent �� obtained by fitting the differential transmission �−�T��t� /T0� as a power-law function
��t−� of the optical-pump–terahertz-probe delay time ��t�.
bParameters obtained from a single exponential �exp�−�t /�1�� or biexponential �A exp�−�t /�1�+B exp�
−�t /�2�� fit to the decay dynamics.
cThe product of mobility ��� and photogeneration efficiency ��� calculated from the peak of transient photo-
conductivity �−�T�0� /T0� using Eq. �1�.

FIG. 5. Terahertz pulse generated �solid line� from the film Pc 2 �on KCl�
upon optical excitation at ��580 nm and a voltage bias of 700 V corre-
sponding to an electric field of 21 kV/cm. No signal is observed at zero bias
�dashed line�. The inset shows the Fourier amplitude spectrum of the tera-
hertz pulse.
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��220 cm−1�, while in the films FPc 2b, FPc 3b, and FPc 4
it is much larger ���45–70 nm, or 1000–1500 cm−1, de-
pending on the film�. In addition, the widths of the bands as
well as the relative strengths of the vibronic transitions vary
from film to film. In particular, broader bands �indicative of
stronger intermolecular interaction�2 and stronger coupling
between electronic and vibronic modes2 are observed in the
films FPc 2b, FPc 3b, and FPc 4 compared to that in the FPc
solution and the film FPc 1. The similarity between the spec-
tra of the FPc solution and the film FPc 1 indicates the preva-
lence of an amorphous phase in this film.14 Indeed, for a
random molecular distribution, the bulky TIPS side groups33

prevent the � stacking, which weakens the features that are
typically observed in the optical spectra of solid-state
samples with a crystalline structure. Figure 7�a� shows the
AFM image of the film FPc 1, which reveals smooth feature-
less domains with sparse crystallites separated by 1–2 �m,
the latter being responsible for the weak absorption band at
�680–750 nm observed in the absorption spectrum of the
film �Fig. 6�a��. In contrast with FPc 1, the films FPc 2b, FPc
3b, and FPc 4 exhibit polycrystalline structures with signifi-
cant crystalline coverage, as seen in the AFM image of the
film FPc 2b �Fig. 7�b��, that result in a large solid-state shift
��� and broader bands in the optical-absorption spectra as
well as improved transient photoconductive properties �Sec.
III B 2�. The x-ray-diffraction analysis revealed that the crys-
tallites in films FPc 2–4 were oriented predominantly with
the c axis perpendicular to the substrate.

The temperature dependence of the absorption spectra of
FPc thin films is drastically different from that of the regular
Pc films �Fig. 3�. Figures 8�a� and 8�b� show the absorption

spectra of the films FPc 2b and FPc 3b, respectively, at 290,
200, and 10 K. As the temperature is lowered, the most pro-
nounced feature of these spectra is the significant redshift of
the lowest-energy absorption peak upon cooling from
290 to 200 K �centered at �685 and �693 nm at 290 K and
at �692 and �704 nm at 200 K in the films FPc 2b and 3b,
respectively�, followed by its splitting into two bands upon
further cooling to 10 K �centered at �688 and �733 nm in
the film FPc 2b and at �682 and �733 nm in the film FPc
3b�. Similar to Pc films, the change in the absorption spec-
trum of FPc films with the temperature was completely re-
versible and did not depend on the substrate �e.g., identical
changes in the spectra of the films FPc 3a and 3b were
observed as a function of temperature�. A redshift of the
absorption spectra upon cooling has been reported in conju-
gated polymers and attributed to increased conjugation and
exciton delocalization due to freezing out of the torsional and
other low-frequency vibrational modes that disrupt conjuga-

FIG. 6. Optical-absorption spectra of �a� FPc in THF solution �dash-dotted
line� and FPc 1b thin film �evaporated at Ts=25 °C, on glass� �solid line�,
and �b� FPc 2b �evaporated at Ts=85 °C, on glass�, 3b �evaporated at Ts

=25 °C, on glass�, and 4 �solution grown at Ts=25 °C, on glass� films
�dash-dotted, solid, and dashed lines, respectively�.

(a)

(b)

FIG. 7. Atomic force microscopy images of the films �a� FPc 1b �evapo-
rated at Ts=25 °C, on glass�, and �b� FPc 2b �evaporated at Ts=85 °C, on
glass�.
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tion and reduce the � and �* bandwidths.53 In our FPc films,
a similar mechanism could be accountable for the tempera-
ture dependence of the absorption spectra, as low-frequency
vibrational modes due to the bulky TIPS side groups in the
FPc molecules freeze-out upon cooling, improving � stack-
ing. Interestingly, no significant shift of the absorption edge
as a function of temperature was observed in FPc single-
crystal samples, at least at temperatures ranging between 65
and 298 K.35

2. Transient photoconductivity „optical-pump—
terahertz-probe experiments…

The transient photoconductivity signals obtained in vari-
ous FPc films using the optical-pump—terahertz-probe time-
resolved technique �Sec. II D� were all characterized by a
fast rise ��400 fs, limited by the time resolution of our
setup�, but differed in amplitude and decay dynamics de-
pending on the morphology of the film. The films prepared
simultaneously �i.e., under identical conditions�, but on dif-
ferent substrates �e.g., films FPc 3a and FPc 3b� yielded
similar transients. Figure 9�a� illustrates the transient differ-
ential transmission �−�T /T0� obtained in the films FPc 2a,
FPc 3a, and FPc 4 at room temperature. Since in these films
the crystallites are oriented with their c axis perpendicular to
the substrate �as confirmed by the x-ray-diffraction analysis�,
the electric field of the terahertz pulses probes the transient
photoconductivity in the a-b plane of the crystallites, which
has higher mobility than the transport along the c axis.33 The
product �� of charge-carrier mobility ��� and photogenera-
tion efficiency ��� calculated from the amplitude of the tran-
sients using Eq. �1� yielded a value of about 0.03 cm2/V s in
the films FPc 3a and FPc 3b �prepared by evaporation at

Ts=25 °C� and a value twice as large of �0.06 cm2/V s in
the films FPc 2a and FPc 2b �prepared by evaporation at
Ts=85 °C� as well as FPc 4 �solution grown� �Table II�. In
fact, the �� product of 0.06 cm2/V s obtained in the films
FPc 2a, FPc 2b, and FPc 4 is about 30%–40% of that ob-
served in FPc single-crystal samples at room temperature of
0.15–0.2 cm2/V s, depending on the sample.28,31 Among all
the FPc films studied, the smallest value obtained for the ��
product was �0.01 cm2/V s in the “amorphous” films FPc 1
�a, a�, and b�, and the decay dynamics in these films could
not be analyzed due to an insufficient signal-to-noise ratio.
Among the samples FPc 2 �a and b�, FPc 3 �a, a�, and b�,
and FPc 4, the films FPc 3 �a, a�, and b� exhibited the fastest
decay dynamics described by a single-exponential �exp�
−�t /��� with ��0.6–1.4 ps �Fig. 9�a� and Table II�. In con-
trast, in films FPc 2a, FPc 2b, and FPc 4, the decay dynamics
persisted over at least �100 ps and could be fitted by the
power-law function �t− with =0.53 �inset of Fig. 9�b��.
This behavior is similar to that obtained in FPc single crys-
tals, as shown in Fig. 9�b�, in which the decay dynamics are
characterized by a power-law function with �0.5–0.7 �
=0.62 is shown in the inset of Fig. 9�b��.28,31,35

The difference in the decay dynamics observed in the
FPc films can be related to their structure. The SEM images
of the films FPc 2b and FPc 3b are shown in Figs. 10�a� and

FIG. 8. Optical-absorption spectra of the films: �a� FPc 2b �evaporated at
Ts=85 °C, on glass�, and �b� FPc 3b �evaporated at Ts=25 °C, on glass� at
290 K �solid line�, 200 K �dashed line�, and 10 K �dash-dotted line�.

FIG. 9. Differential transmission �−�T /T0� as a function of pump-probe
delay time ��t� observed in �a� films FPc 2a �evaporated at Ts=85 °C, on
mica�, 3a �evaporated at Ts=25 °C, on mica�, and 4 �solution grown at Ts

=25 °C, on glass�, and �b� FPc single-crystal sample. A single exponential
fit �exp�−�t /�� ,�=1.35 ps� to the data obtained in film FPc 3a as well as
power-law fits ��t�− obtained in �a� films FPc 2a and FPc 4, and �b� a FPc
single-crystal sample are also shown. Transients are offset along the y axis
in �a� for clarity. The inset shows a log-log plot of the differential transmis-
sion data �offset along the y axis for clarity� obtained in the films FPc 2a and
FPc 4 and a FPc single-crystal sample. Power-law fits and corresponding
values for  are also included.
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10�b�, respectively. While the film FPc 3b appears to contain
small randomly interconnected domains, the film FPc 2b
consists of larger crystallites �see also Fig. 7�b��. As a result,
in the film FPc 3b �or morphologically similar FPc 3a�, a fast
single-exponential decay of the transient photoconductivity
is observed �Fig. 9�a�� as the charge carriers are trapped on
the grain boundaries and/or defects within several picosec-
onds after photoexcitation. In contrast, the larger crystallites
of film FPc 2b �or FPc 2a� support longer charge-carrier
lifetimes, resulting in power-law decays of the transient pho-
toconductivity similar to the single-crystal results over at
least 100 ps �inset of Fig. 9�b��.

IV. DISCUSSION

It is well known that optical-absorption spectra of or-
ganic semiconductor thin films depend on the structure and
morphology of the film,13,14,17,47,54 which is clearly demon-
strated in the case of our FPc films �Fig. 6�. In particular,
compared to the spectra of amorphous films and solution,
those of polycrystalline films exhibit significant redshift,
broader bands, and stronger coupling between the electronic

and vibrational transitions. Optical-absorption spectra of Pc
and FPc films reflect the difference in the molecular packing
of Pc and FPc molecules in a unit cell,33 which is also a
reason for dramatically different temperature dependences of
Pc and FPc spectra �Figs. 3 and 8�.

Regardless of morphology, all Pc and FPc films studied
exhibited subpicosecond charge-carrier photogeneration
�Figs. 4 and 9�. Such ultrafast photoresponse of our films
allowed us to observe terahertz generation in a photoconduc-
tive switch geometry �Fig. 5�. As we have previously re-
ported, the photogeneration efficiency for mobile charge car-
riers ��� over subpicosecond time scales in Pc and FPc thin
films and FPc single crystals is wavelength independent and
is not thermally activated.31,32 These experimental results are
inconsistent with exciton dissociation mechanisms2,55 and
suggest that mobile carriers, not just excitons, are a primary
photoexcitation.7,28,29,56 Although in our experiments we
could not detect the presence of excitons in Pc and FPc
samples, most likely due to a small exciton polarizability at
terahertz frequencies, numerous studies have shown that
upon photoexcitation of polyacenes a large population of ex-
citons is formed,2,6,57 which contributes to photoconductivity
at longer time scales, including dc photoconductivity.46

Therefore, the photogeneration efficiency � for the primary
photoexcitation of mobile charge carriers is most likely less
than unity, since excitons may also be formed in the initial
photoexcitation process.30,57,58

Charge transport properties of pentacene derivatives
have been extensively studied mostly in the field-effect,
space-charge-limited current, and two- or four-point contact
configurations.8–10,19,52,59 Despite numerous efforts to im-
prove the quality of single crystals and thin films �such as
growth conditions, purification, substrate pretreatment, etc.�,
the charge-carrier mobility obtained from most of these mea-
surements is thermally activated �i.e., mobility increases as
the temperature increases�. As previously shown,28,29,31 how-
ever, the mobility extracted from the peak amplitude of the
terahertz differential transmission �−�T�0� /T0� measured in
Pc and FPc thin films prepared without any purification or
pretreatment increases as the temperature decreases in a wide
temperature range from 300 down to 5 K, a signature of
bandlike transport. The possible physical mechanism of the
charge transport on picosecond time scales in these materials
is consistent with the nearly small molecular polaron �MP�
model,6 which describes the propagation of the MP �forming
as a result of interaction of a charge carrier with intramolecu-
lar vibrations and infrared-active modes of the nearest-
neighbor molecules� from site to site by “stepping via tun-
neling,” while retaining bandlike features, such as mobility
increasing as the temperature decreases. The time scales on
which the MP transport �rather than the thermally activated
transport� can be observed in polyacene thin films depend on
the structure and morphology of the film. Indeed, in FPc
films with smaller crystalline domains �e.g., FPc 3b, Fig.
10�b�� the observation of MP transport at times longer than
several picoseconds after the photoexcitation is impaired due
to deep-level trapping at the grain boundaries. In contrast,
the films with larger crystallites such as FPc 2b �Fig. 10�a��
and FPc 4 exhibit long power-law decay dynamics over time

FIG. 10. Scanning electron microscopy images of the films �a� FPc 2b
�evaporated at Ts=85 °C, on glass� at an accelerating voltage of 3 kV, and
�b� FPc 3b �evaporated at Ts=25 °C, on glass� at an accelerating voltage of
1.5 kV.
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scales at least up to �100 ps, similar to those observed in
FPc single crystals. Such differences in the decay dynamics
of the transient photoconductivity depending on the structure
and morphology of the films suggest that our measurements
may be able to trace directly the time scale for crossover
from the bandlike to thermally activated charge transport.
For example, in thin FPc films with smaller domains, the
charge carriers are trapped in deep-level traps within a few
picoseconds, after which a trap-dominated �and thus, ther-
mally activated� transport could be expected, while in con-
siderably better films and single crystals, the bandlike charge
transport extends over time scales of at least several hundred
picoseconds.

Although one could expect a direct link between the film
crystallite size and the decay dynamics of the transient pho-
toconductivity in films made of the same material �e.g., FPc�,
it is not clear yet how to unambiguously interpret and com-
pare the decay dynamics observed in films made of different
materials such as, for example, FPc and Pc. Although the
grain sizes in the best FPc and Pc films were comparable,
fast single or biexponential decay dynamics �i.e.,
exp�−�t /�� with ��0.7–1 ps or A exp�−�t /�1�
+B exp�−�t /�2� with �1 �0.6–1.2 ps, �2�5–16 ps, and
A / �A+B��0.8–0.9� were obtained in Pc films at room tem-
perature �Ref. 31 and Fig. 4�, in contrast with longer power-
law decays ����t�−, �0.53� observed in the best FPc
films �e.g., FPc 2b and FPc 4 in Fig. 9�. In order to clarify
whether this difference is related to a difference in molecular
packing, structural or chemical traps, or quality of domain
boundaries, further studies are needed.

It is interesting to note that the optical-pump–terahertz-
probe studies by Thorsmølle et al.29 on Pc single crystals
revealed photocarrier decay dynamics with fast ��0.8 ps�
and slow ��4 ps� components, similar to what was observed
here for polycrystalline Pc thin films. However, the room-
temperature �� product measured by Thorsmølle et al.29 for
Pc single crystals was approximately 0.2 cm2/V s, which is
higher than the values measured here of 0.02–0.04 cm2/V s
for polycrystalline Pc thin-film samples. The similar decay
dynamics but lower �� product for the Pc thin films com-
pared to single crystals would suggest that the photogenera-
tion efficiency � in the Pc thin-film samples was lower than
that in Pc single crystals. This may be due to fast trapping or
recombination of mobile carriers generated at �or near� the
grain boundaries in the polycrystalline Pc thin films over
time scales shorter than the 0.4-ps time resolution of our
setup. The number of photocarriers that remained mobile
within the grains for times longer than 0.4 ps would then
determine the magnitude of the observed photoconductive
transient �i.e., ��T�0� /T0��, which is used to obtain the ��
product from Eq. �1�. The average carrier density seen by the
terahertz probe pulse, which has a spot size ��1 mm� much
larger than the typical grain size in the polycrystalline films,
would be much lower in the thin-film samples compared to
bulk single crystals. This would result in lower �� products
for the thin-film samples.

The �� product calculated from the peak values of the
transient photoconductivity measured in our FPc thin-film
samples ranged from less than 0.01 cm2/V s to as high as

0.06 cm2/V s, depending on the film �Secs. III A 2 a and
III B 2�. The films FPc 2 �a and b� prepared by thermal
evaporation on a heated substrate �Ts=85 °C� and the FPc 4
film grown from solution exhibited the highest �� values of
all the films studied of �0.06 cm2/V s. Considering that this
value is only a factor of �3 below that obtained in FPc
single-crystal samples ����0.15–0.2 cm2/V s at room
temperature�, we conclude that these preparation methods
yield polycrystalline films with the best transient photocon-
ductive properties. Although in our measurements we cannot
separate the charge-carrier mobility � and photogeneration
efficiency �, the obtained values of �� provide an estimate
of the lower limit of the mobility if we assume �=1 in our
samples. However, as mentioned above, ��1 due to a sig-
nificant population of excitons that do not contribute to our
subpicosecond photoconductivity signal as well as initial car-
rier trapping and recombination that occurs within 400 fs
after excitation, not resolved in our experiments.31 The
charge-carrier mobilities, therefore, are most likely higher
than those listed for �� in Table II. The power-law decays
seen in the transient photoconductive response of films FPc
2a and FPc 4 have  values similar to those observed in FPc
single crystals �inset of Fig. 9�b��, but the peak values of the
photoconductive response are very different. The similarity
in decay dynamics compared to single crystals implies that
we are probing intrinsic carrier dynamics within the grains of
the best polycrystalline FPc films. However, as discussed
above for the Pc films, the magnitude of the photoconductive
transient is lower in the FPc thin-film samples due to recom-
bination or trapping of photogenerated charge carriers at �or
near� the grain boundaries at short time scales ��0.4 ps�.
Therefore, a peak photoconductive response for the best FPc
thin films that is a factor of �3 lower than that obtained in
FPc single crystals would suggest that, out of all the primary
charge-carrier photoexcitations initially generated by the
pump pulse in the FPc films, only about 30% of those pri-
mary carriers remain mobile in the sample after 0.4 ps and
are located within the crystalline grains �if we assume that
the carrier mobility within each grain is the same as that in
the bulk single-crystal samples�. The terahertz pulse then
probes the charge transport within the crystalline grains,
which results not only in similar decay dynamics to that seen
in single crystals but also the observation of bandlike trans-
port, as previously reported in Pc and FPc films.31 If we also
consider a further reduction in � due to the generation of
primary excitons, then we expect the carrier mobility � in
our best FPc films to be much higher than 0.06 cm2/V s. For
example, if we assume that �10% of all the primary photo-
excitations are mobile charge carriers �as reported for poly�2-
methoxy-5-�2�-ethyl-hexyloxy�-1,4-phenylene vinylene�
�MEH–PPV� in Ref. 58�, and that �30% of those carriers
survive beyond 0.4 ps within each grain, then the carrier mo-
bility in the grains would actually be �2 cm2/V s. Neverthe-
less, mobility values larger than 0.06 cm2/V s in our best
FPc films are consistent with those measured by Sheraw
et al.19 of 0.05–0.4 cm2/V s using field-effect transistor
�FET� devices on FPc �TIPS� thin films evaporated on pre-
treated substrates.
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V. CONCLUSIONS

In summary, we presented the optical and transient pho-
toconductive properties of a variety of pentacene and func-
tionalized pentacene thin films. Optical-absorption spectra
depend on the temperature as well as on the structure and
morphology of the films. In all samples, subpicosecond pho-
togeneration of mobile charge carriers was observed. The
lower limits of charge-carrier mobility calculated from the
amplitude of the transient photoconductivity in the a-b plane
of the crystallites were �0.04 cm2/V s and �0.06 cm2/V s
in the best pentacene and functionalized pentacene films, re-
spectively. Preparation methods utilizing either thermal
evaporation and a heated substrate �Ts=85 °C� or growth
from solution yielded the best functionalized pentacene
films. These films exhibited photoconductivity transients
reaching 30%–40% of those in functionalized pentacene
single crystals as well as similar power-law decay dynamics
as single-crystal samples over at least �100 ps. In pentacene
films and functionalized pentacene films with a small grain
size, smaller photoconductivity transients as well as single or
biexponential decay dynamics were observed.
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