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We present a detailed study, on time scales from picoseconds to seconds, of transient and continuous
wave �cw� photoconductivity in solution-grown thin films of functionalized pentacene �Pc�,
anthradithiophene �ADT�, and dicyanomethylenedihydrofuran �DCDHF�. In all films, at
temperatures of 285–350 K, we observe fast carrier photogeneration and nonthermally activated
charge transport on picosecond time scales. At �30 ps after photoexcitation at room temperature
and at applied electric field of 1.2�104 V /cm, values obtained for the product of mobility and
photogeneration efficiency, ��, in ADT-tri-isoproplysilylethynyl-�TIPS�-F, Pc-TIPS, and DCDHF
films are �0.018–0.025, �0.01–0.022, and �0.002–0.004 cm2 /V s, respectively, depending on
the film quality, and are weakly electric field dependent. In functionalized ADT and Pc films, the
power-law decay dynamics of the transient photoconductivity is observed, on time scales of up to
�1 �s after photoexcitation, in the best samples. In contrast, in DCDHF amorphous glass, most of
the photogenerated carriers are trapped within �200 ps. Transport of photoexcited carriers on
longer time scales is probed by cw illumination through an optical chopper, with a variable chopper
frequency. In contrast with what is observed on picosecond time scales, charge carriers on
millisecond and longer time scales are predominantly localized, and are characterized by a broad
distribution of carrier lifetimes. Such carriers make the principal contributions to dc
photoconductivity. © 2008 American Institute of Physics. �DOI: 10.1063/1.2946453�

I. INTRODUCTION

Organic semiconductors have attracted attention due to
their potential applications in organic thin-film transistors
�TFTs�, light-emitting diodes, photovoltaic cells, organic la-
sers, photorefractive �PR� devices, and many others.1,2 Re-
cently, considerable progress has been made in organic ma-
terials design and device performance:2–7charge carrier
mobilities of over 20 cm2 /V s have been reported in rubrene
and pentacene �Pc� single crystals,8,9 power conversion effi-
ciencies over 6% have been observed in solution-processed
polymeric solar cells,10 and PR two-beam-coupling net gain
coefficients in organic glasses and polymer composites have
approached 400 cm−1.2 However, an understanding of the
physics of charge carrier generation and transport in organic
semiconductors, which determine the �opto�electronic char-
acteristics of these devices, is lacking, and basic questions
regarding the nature of these processes remain open.11–21

One of the challenges encountered when probing the
�opto�electronic properties of organic materials is that differ-
ent charge generation, transport, and trapping mechanisms
may dominate the performance under different experimental
conditions. As a result, different experimental techniques
could produce results that are difficult to compare and, often,
hard to reconcile. For example, methods probing charge car-
rier dynamics on short �subnanosecond� time scales after
photoexcitation �such as ultrafast time-resolved terahertz
pulse spectroscopy,15–18,22 infrared active vibrational

spectroscopy,23,24 and Auston switch-based ultrafast photo-
current measurements14,25,26� often yield results different
from those obtained using field-effect transistor,8 space-
charge-limiting current,9 or continuous wave �cw�
photoconductivity27,28 measurements in similar materials. To
reconcile these differences in each particular case and de-
velop an understanding of all mechanisms involved, it is im-
portant to use a combination of several experimental tech-
niques, for example, those that probe charge carrier
dynamics on various time scales, in the same samples. An
example of such combination is measurements of time-
resolved and cw photoconductivity, which were previously
applied in studies of photoconductive polymers,29 organic
single crystals,14,30 and thin films.31 This is a combination we
used in our studies.

Among various kinds of organic semiconducting materi-
als of particular technological interest are low-cost, solution-
processable, and high-purity materials that can be cast into
high-performance �photo�conductive thin films. This moti-
vated the selection for our studies of small-molecular-weight
novel photoconductive materials that form thin films with
good coverage by solution deposition, namely, functionalized
anthradithiophene �ADT�, functionalized Pc, and dicyanom-
ethylenedihydrofuran �DCDHF� derivatives. Functionalized
ADT and Pc polycrystalline films have been previously ex-
plored in TFT applications,3 and TFT mobilities of over
1 cm2 /V s have been recently reported in solution-deposited
functionalized Pc thin films.3,32 DCDHF derivatives are
glass-forming molecules originally developed for PR appli-a�Electronic mail: oksana@science.oregonstate.edu.
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cations, and DCDHF-based monolithic amorphous glasses
are among the best-performing organic PRs.2,33,34 In addi-
tion, a number of functionalized ADT and DCDHF deriva-
tives are highly fluorescent,35–37 which broadens the range of
their possible applications. For example, DCDHF derivatives
have been utilized as fluorophores in single-molecule
spectroscopy.36,37

In this article, we present a detailed study of photoex-
cited charge carrier dynamics, on time scales from several
tens of picoseconds to many seconds after excitation, in
functionalized ADT, functionalized Pc, and DCDHF thin
films, together with semi-insulating GaAs as a benchmark.
Using time-resolved photocurrent measurements, we observe
fast charge carrier photogeneration and charge carrier mobil-
ity decreasing as the temperature increases, on picosecond
time scales after photoexcitation, in all samples. Observed
variations in decay dynamics and in equilibrium photocon-
ductivity among these materials are correlated with differ-
ences in charge trapping and recombination properties. Mea-
surements of time-resolved and cw photoconductivity in the
same samples, as a function of various parameters, allow us
to observe the charge carrier localization process that de-
pends on the material.

II. EXPERIMENTAL

The molecules explored in this study are a novel high-
performance fluorinated ADT derivative functionalized with
tri-isoproplysilylethynyl �TIPS� side groups �ADT-TIPS-F�,3

a Pc derivative also functionalized with TIPS groups �Pc-
TIPS�,3,16,17,32 and a 2,6-naphthalene functionalized with di-
hexylamino donor and DCDHF acceptor2,33,34 �Fig. 1�a��. Pc-
TIPS and ADT-TIPS-F both exhibit brick-wall-type crystal
packing with significant �-overlap,3,38 favoring high TFT
mobility.32 Both materials form polycrystalline films17 when
deposited from a solution, with the a-b plane in the plane of
the film. Under similar conditions, DCDHF forms an amor-
phous glass33 with a glass transition temperature �Tg� of
32 °C.

Glass substrates were prepared by photolithographic
deposition of 100-nm-thick aluminum �Al� electrode pairs.
Each pair consisted of ten interdigitated finger pairs, with 1
mm finger length, 25 �m finger width, and 25 �m gaps
between the fingers of opposite electrodes. ADT-TIPS-F, Pc-
TIPS polycrystalline, and amorphous DCDHF films with
thicknesses of 0.5–2 �m were drop cast from toluene solu-
tion onto these substrates at �60 °C. Up to ten samples of
each kind were studied. Typical optical absorption spectra of
films are shown in Fig. 1�b�. GaAs samples were prepared by
deposition of coplanar silver electrodes of 3 mm length �with
a gap of 2 mm� on a semi-insulating GaAs wafer �University
Wafer, Inc.�.

For transient photoconductivity measurements, an ampli-
fied Ti:sapphire laser �800 nm, 100 fs, and 1 kHz� was used
in conjunction with a frequency-doubling beta-barium borate
�BBO� crystal to excite the samples. In GaAs samples, addi-
tional data were obtained with 800 nm pulses. Fluences in
the 10–100 �J /cm2 range were used to excite organic films,
while much lower values were used in measurements of

GaAs to keep the total number density of photogenerated
carriers below 1016 cm−3. Samples were embedded in a
homemade fixture, incorporating a thermoelectric unit for
temperature control in the 285–350 K range; both heating
and cooling cycles were used. Voltage was supplied by a
Keithley 237 source-measure unit, and light pulse-induced
transient photocurrent was measured with a 50 � load by a
50 GHz CSA8200 digital sampling oscilloscope. In the cw
photoconductivity measurements, the sample was excited ei-
ther by a Nd:YVO4 laser at the wavelength of 532 nm or by
a UV lamp and a filter combination with a center wavelength
of 365 nm and a bandwidth of �40 nm. In one set of ex-
periments, the beam was mechanically chopped at a fre-
quency varied between 20 and 1000 Hz, with the chopper
synchronized with the reference input of a SRS830 lock-in
amplifier. Photoresponse of the sample was measured as
voltage across a 10 k� load resistor. In another set of ex-
periments, the Keithley 237 source-measure unit was used to
measure dark and cw photocurrents using the following pro-
tocol. The voltage was applied and the dark current was
monitored for 5 s. Then, the light beam was opened with a
shutter, illuminating the sample, and the current in the pres-
ence of light was measured over 10–20 s. The cw photocur-

FIG. 1. �a� Molecular structures. R=Si�i-Pr�3. �b� Optical absorption spectra
of ADT-TIPS-F, Pc-TIPS, and DCDHF films. �c� Transient photocurrent
obtained in ADT-TIPS-F, Pc-TIPS, and DCDHF films at 1.2�104 V /cm
and 30 �J /cm2 at 400 nm. Inset: normalized transient photocurrents �Iph� in
ADT-TIPS-F and Pc-TIPS films. Power-law fits �Iph� t−�� are also shown.
Offset along the y axis is for clarity.
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rent �subsequently referred to as “dc photocurrent” or “pho-
tocurrent measured under dc conditions”� was calculated as
the difference between the two. In all our experiments, the
samples were illuminated from the glass substrate side to
minimize photoinjection and photoemission effects.39,40 The
data were taken point by point, with the samples kept in the
dark between the data points to avoid accumulation of space
charge.

III. RESULTS

A. Transient photoconductivity

Transient photocurrents obtained in ADT-TIPS-F, Pc-
TIPS, and DCDHF films upon excitation with a 400 nm
pulse at the fluence of 30 �J /cm2 and applied electric field
of 1.2�104 V /cm are shown in Fig. 1�c�. The rise time of
the transient photoresponse observed in all samples was
about �30 ps, limited by the time resolution of our setup.
Following procedures detailed elsewhere,41,42 we verified
that photocurrents in Fig. 1�c� are not displacement currents,
but are rather due to mobile photogenerated carriers. Data in
Fig. 1�c� establish an upper limit of 30 ps for carrier photo-
generation times in all materials under study, in agreement
with similar studies of tetracene single crystals14 and with
optical pump-terahertz probe data for similar materials.15–18

Transient photocurrents observed in ADT-TIPS-F and
Pc-TIPS films exhibit behavior previously observed in sev-
eral organic crystals:16–18 fast initial decay, most likely due to
initial recombination and deep trapping, followed by a slow
component that can be fitted with a power-law function
�Iph� t−�� with ��0.5–0.7 over at least three orders of mag-
nitude �inset of Fig. 1�c��, independent of the temperature in
the range studied. In agreement with previous studies,16,17

Pc-TIPS films of different quality showed some variation in
the relative contribution of the fast and slow components to
decay dynamics, particularly initial decay, which reflects
film-to-film deep trap density variation. In any ADT-TIPS-F
sample, the initial decay was less pronounced than in the best
Pc-TIPS films and even in Pc-TIPS single crystals,43 which
may imply lower deep trap density in ADT-TIPS-F. A slower
initial decay at higher electric fields in ADT-TIPS-F films
�Fig. 2�a��, not as pronounced in other materials, could be
due to field-assisted detrapping of the carriers that became
trapped in the first �30 ps after photoexcitation. Also, in
ADT-TIPS-F films, transient photocurrent �inset of Fig. 1�c��
did not completely decay up to at least the microsecond time
scales, which suggests transport of mobile charge carriers
even at �1 �s after photoexcitation. In contrast, in the
DCDHF amorphous glass, fast decay attributed to charge
trapping at deep traps was observed �Fig. 1�c��. This pre-
vented the observation of mobile carriers in DCDHF at times
longer than approximately 200 ps after photoexcitation. In
GaAs, the ultrafast photoconductivity is generally a compli-
cated function of time.44 However, under our experimental
conditions, the decay dynamics obtained in GaAs samples
could be approximated by a biexponential function. At 400
nm excitation, time constants of 	1=0.118
0.001 ns and
	2=2.1
0.3 ns were obtained. The latter time constant �	2�
is in the range of bulk carrier lifetimes reported in the litera-

ture for similar samples �e.g., 2.1 ns in Ref. 44 and 3.5 ns in
Ref. 45�. However, since at 400 nm the light penetration
depth is only 14.5 nm,46,47 	2 could still be affected by re-
combination at surface states, the process mostly likely re-
sponsible for the fast initial carrier decay characterized by a
time constant of 	1.

Electric field dependence. In all samples, the electric
field dependence of the transient photocurrent amplitude
could be described by a power-law function Iph�E� in the
range of electric fields studied ��0.4–4��104 V /cm in or-
ganic samples and 25–250 V /cm in GaAs�. GaAs exhibited
linear dependence of the transient photoresponse on the elec-
tric field �i.e., ��1�. In contrast, in organic films, � varied
between 1 and 1.8, depending on the sample. This is consis-
tent with ��1.6 in tetracene single crystals recently ob-
served in a similar experiment.14 The electric field depen-
dence of the shape of the transients, especially pronounced in
ADT-TIPS-F films �Fig. 2�, leads to a systematic change in �
as a function of the time after photoexcitation. Figure 2�b�
�bottom� illustrates time evolution of the electric field depen-
dence of the collected charge �Q� obtained by integrating the

FIG. 2. �a� Normalized transient photocurrents obtained in an ADT-TIPS-F
film at various electric fields. �b� Bottom: the total charge �Q� obtained by
integrating the transient photocurrent with respect to time, collected over
150 ps, 4 ns, and 1 �s after photoexcitation of an ADT-TIPS-F film as a
function of electric field. The power-law fits Q�E� are also shown. Top:
photocurrents �Icw� obtained in the same sample under cw photoexcitation as
a function of electric field. Cw photocurrents measured at 532 nm excitation
under dc conditions and at 365 nm excitation at a chopper frequency �f� of
390 Hz are shown. The power-law fits Icw�E�cw are also included.
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transient photocurrent with respect to time in an ADT-
TIPS-F sample up to 150 ps, 4 ns, and 1 �s after photoex-
citation. In this sample, � describing the field dependence of
the amplitude of the transient photocurrent �data not shown�
is 1.8
0.1. As seen in Fig. 2�b� �bottom�, � obtained from
power-law fits �Q�E�� increases from 1.96
0.08 at 150 ps
to 2.8
0.2 at 1 �s after photoexcitation. Also included in
Fig. 2�b� �top� are electric field dependencies of the cw pho-
tocurrent �Icw� in this sample measured under cw excitation
at 365 nm at the chopper frequency �f� of 390 Hz and at 532
nm under dc conditions �Sec. III B�. Power-law exponents
�cw obtained from fits with a power-law function Icw�E�cw

yield 3.0
0.2 and 3.10
0.04, respectively, and are higher
than those observed in the transient photocurrent experi-
ments, as discussed in Sec. IV.

The product of charge carrier mobility and photogenera-
tion efficiency ����. In all samples, the transient photocur-
rent was linear with respect to beam fluence, implying neg-
ligible contribution from nonlinear effects or bimolecular
recombination in the range of fluences studied. From the
peak values of the photocurrent, a product of the charge car-
rier mobility ��� and photogeneration efficiency ��� was cal-
culated using the relation ��= j0 / �nphoteE�, where j0 is the
peak photocurrent density, E is the electric field, e is the
electron charge, and nphot is the density of absorbed photons
per pulse. Generally, � is a sum of electron and hole mobili-
ties, but in our materials it is essentially mobility of domi-
nant charge carriers: electrons in GaAs and holes in ADT-
TIPS-F, Pc-TIPS, and DCDHF. The photogeneration
efficiency � incorporates carrier loss due to trapping and
recombination during the first �30 ps after excitation not
resolved in our experiment. Thus, it will be much lower than
the initial efficiency, �0, which is the number of carriers
photogenerated per number of absorbed photons. This effect
on �� appears in values obtained for GaAs at 800 and 400
nm excitations: the value for �� of �7500 cm2 /V s ob-
tained at 800 nm at room temperature �297 K� is consistent
with mobility extracted from Hall-effect measurements46

�i.e., ���0=1� and from optical pump-terahertz probe
spectroscopy,44 while that obtained at 400 nm is much lower,
�280 cm2 /V s �Fig. 3�. This arises from differences in ab-
sorption coefficient at these wavelengths,46 leading to drasti-
cally different light penetration depths ��1 �m and
�14.5 nm at 800 and 400 nm, respectively� and resulting in
large contribution of a fast charge recombination at the sur-
face at 400 nm excitation �i.e., ��1 at 400 nm�. At room
temperature at 1.2�104 V /cm, the �� values obtained in
ADT-TIPS-F, Pc-TIPS, and DCDHF films are
�0.018–0.025, �0.01–0.022, and �0.002–0.004
cm2 /V s, respectively, depending on the film quality.

Temperature dependence of transient photocurrent. Tem-
perature dependence of the �� values is shown in Fig. 3. In
all organic samples, the �� decreased as the temperature
increased from 285 to 350 K, a trend qualitatively similar to
that observed in GaAs �Fig. 3�. A possible explanation for
such behavior is that charge carrier mobility decreases as the
temperature increases, which has been attributed to bandlike
charge carrier transport in crystalline materials.14–18,21,48,49

For example, a power-law dependence of charge carrier mo-

bility ��� as a function of temperature ���T−n� with n
=0.5–3 is typical of band transport21 and has been observed
in a variety of organic crystals and thin films.9,14–18,21,48,49

The temperature dependence of the �� values in ADT-
TIPS-F and Pc-TIPS samples could also be fitted with the
power-law function ����T−n�, with, for example, n
=2.3
0.2 in an ADT-TIPS-F film in Fig. 3. Interestingly,
DCDHF amorphous glass, in which cw photocurrent was
strongly thermally activated �Sec. III B and Ref. 34�, also
showed a slight decrease in �� extracted from the transient
photocurrent on the picosecond time scales as a function of
temperature. In this case, it could be due to mobility decreas-
ing due to increased disorder caused by a local motion of the
DCDHF side groups,34 an effect similar to that of the tor-
sional disorder affecting subpicosecond photoconductivity in
a photoconductive polymer MEH-PPV.50 In all samples, no
significant change in the transient photocurrent dynamics as
a function of temperature over our range was observed.

B. cw photoconductivity

Wavelength and electric field dependence. In all organic
samples studied, at the electric field of �104 V /cm, even at
the lowest light intensity of 0.5 mW /cm2 the cw photocur-
rent under dc conditions was at least an order of magnitude
higher than the dark current. Under 365 and 532 nm photo-
excitation, the photocurrent �normalized by the number of
absorbed photons� measured under similar conditions
yielded similar values and exhibited similar electric field,
light intensity, and chopper frequency dependencies. This
suggests similar charge photogeneration mechanisms operat-
ing at these wavelengths. The electric field dependence of the
cw photocurrent �Icw� can be characterized by a power-law
function �Icw�E�cw�, with �cw�1 in GaAs and �cw varying
between 1.8 and 3.2 in organic films, depending on the
sample. Within the same sample, however, the field depen-
dence of the cw photocurrent is stronger than that of the
transient photocurrent �i.e., �cw���, as illustrated in Fig.
2�b�.

Chopper frequency dependence. The dependence of the
cw photocurrent �Icw� on chopper frequency �f� can be de-

FIG. 3. Product of mobility and photogeneration efficiency ���� obtained
from the peak transient photocurrent in ADT-TIPS-F, Pc-TIPS, and DCDHF
films �solid squares, open circles, and solid triangles, respectively� at 1.2
�104 V /cm at 400 nm and in GaAs at 150 V/cm at 800 nm �solid dia-
monds� and 400 nm �open diamonds� as a function of temperature. A power-
law fit ����T−n� to the ADT-TIPS-F data, with n=2.3
0.2, is also
included.
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scribed by a power-law function Icw� f− �Fig. 4�a��. The
exponent  decreased as light intensity �I� increased in all
samples, except for GaAs, in which frequency-independent
response ��0� was observed at all intensities �Fig. 4�b��. In
organic samples, �0.5 was observed at 1 mW /cm2 and
reached values as low as =0.07
0.02 in the ADT-TIPS-F
film at 25 mW /cm2.

Light intensity dependence. The dependence of the cw
photocurrent on light intensity can be described by a power-
law function �Icw� Ib� characterized by the exponent b vary-
ing with chopper frequency. Figure 5�a� shows the light in-
tensity dependence of the cw photocurrent obtained in the
ADT-TIPS-F film at a chopper frequency of 20 Hz, 390 Hz,
and 1 kHz at 532 nm excitation. In this sample at 20 Hz, the
exponent b is 0.71
0.04. As the chopper frequency in-
creases, the exponent b increases, reaching 1.02
0.03 at 1
kHz, corresponding to linear dependence of the cw photocur-
rent on light intensity. A similar trend is observed in Pc-TIPS
and DCDHF films, as illustrated in Fig. 5�b�, although at low
frequencies the intensity dependence in these films is closer
to linear than that in the ADT-TIPS-F films. In GaAs, linear
intensity dependence of the cw photocurrent, characteristic
of monomolecular recombination, is observed at all frequen-
cies �Fig. 5�.

Temperature dependence. The temperature dependence
of cw photoresponse obtained in ADT-TIPS-F, Pc-TIPS, and
DCDHF films, as well as in the GaAs sample, at 532 nm
excitation with 0.5 mW /cm2 at a chopper frequency f of 1
kHz and under dc conditions is presented in Figs. 6�a� and
6�b�, respectively. In ADT-TIPS-F films, the temperature de-

pendence of the photoresponse measured at f =1 kHz
showed a sample-to-sample variation, ranging between
slightly negative temperature dependence �i.e., photore-
sponse decreasing with increasing temperature� and ther-
mally activated response �Icw� exp�−� / �kBT��, where kB is
the Boltzmann constant�, with the activation energy � up to
�0.09 eV �Fig. 6�c� �solid squares��. Under dc conditions,
however, the same samples exhibited a thermally activated
cw photocurrent, with the activation energy � reaching
�0.17 eV �Fig. 6�c� �open squares��. Interestingly, at 1 kHz,
the photoresponse in all Pc-TIPS samples studied decreased
as the temperature increased �Fig. 6�a��, a behavior similar to
that of the amplitude of transient photocurrent obtained on
picosecond time scales �Fig. 3�. Under dc conditions, how-
ever, either temperature independent or weakly thermally ac-
tivated response was observed �Fig. 6�b��, with the activation
energies � up to �0.05 eV, depending on the sample. In
both experiments �i.e., at 1 kHz and under dc conditions�,
DCDHF amorphous glass samples exhibited thermally acti-
vated behavior, with � of �0.24–0.26 eV �Fig. 6�c��, a be-
havior similar to that observed in PR glasses containing pre-
viously studied DCDHF derivatives sensitized with C60.

34

Cw photoresponse in GaAs decreased as the temperature in-
creased �Figs. 6�a� and 6�b��, reflecting the temperature de-
pendence of charge carrier mobility characteristic of band
transport.

From dc photocurrents obtained at 532 nm excitation
�Fig. 6�b��, a product of mobility ���, initial photogeneration
efficiency ��0�, and average time the carrier travels before
trapping and recombination �	� were calculated using ��0	

FIG. 4. �a� Cw photocurrent as a function of chopper frequency �f� obtained
in the ADT-TIPS-F film at 1 mW /cm2 �open squares� and 10 mW /cm2

�solid squares� at 1.2�104 V /cm, as well as in GaAs at 1 mW /cm2 at 150
V/cm, all at 532 nm. Power-law fits �Icw� f−�, with exponents , are also
shown. �b� Exponents  as a function of light intensity obtained in ADT-
TIPS-F, Pc-TIPS, and DCDHF films and GaAs. The lines are guides for the
eyes.

FIG. 5. �a� Cw photocurrent as a function of light intensity �I� obtained in
an ADT-TIPS-F film at 20 Hz, 390 Hz, and 1 kHz �solid, open, and crossed
squares, respectively� at 1.2�104 V /cm, as well as in GaAs at 390 Hz and
1 kHz �solid and open diamonds, respectively� at 150 V/cm, all at 532 nm.
Power-law fits �Icw� Ib�, with exponents b, are also shown. �b� Exponents b
as a function of chopper frequency obtained in ADT-TIPS-F, Pc-TIPS, and
DCDHF films and in GaAs. The lines are guides for the eyes.

123715-5 Day et al. J. Appl. Phys. 103, 123715 �2008�

Downloaded 18 Jan 2009 to 128.193.164.203. Redistribution subject to AIP license or copyright; see http://jap.aip.org/jap/copyright.jsp



= jdc / �nphoteE�, where jdc is dc photocurrent density.29 At
room temperature at 0.8�104 V /cm, ��0	 values for ADT-
TIPS-F were �6�10−9 cm2 /V, similar to those observed in
C60 thin films51 and inorganic amorphous semiconductors.52

In Pc-TIPS and DCDHF, the corresponding values were up
to one and two orders of magnitude lower, respectively �Fig.
6�.

IV. DISCUSSION

Photogeneration efficiency. In all our materials, includ-
ing DCDHF amorphous glass, mobile charge carriers are
photogenerated on picosecond �most likely
subpicosecond16–18� time scales �Fig. 1�b��. From �� values

of �0.02 cm2 /V s, calculated from amplitudes of transient
photocurrents obtained in ADT-TIPS-F and Pc-TIPS films at
1.2�104 V /cm, and using TFT mobility values of
�1 cm2 /V s in similar films,32 we estimate a lower limit of
photogeneration efficiency ��0.02 at this field, similar to
that obtained in tetracene single crystals in experiments uti-
lizing Auston-switch geometry.14 Furthermore, � is smaller
than �0 �Sec. III A�. In previous studies of Pc-TIPS films
using optical pump–terahertz probe time–resolved
spectroscopy,16,17 more than 90% carrier loss occurred dur-
ing the first 30 ps �which is the time resolution of our tran-
sient photoconductivity setup� after photoexcitation. If a
similar trend persisted under conditions of the experiments
presented here, it would make the initial photogeneration ef-
ficiency �0 in, for example, Pc-TIPS films to be at least
�0.2. The �� value obtained from the amplitude of the tran-
sient photocurrent in DCDHF amorphous glass is rather
high, reaching 0.004 cm2 /V s, which is only a factor of �6
lower than in the best polycrystalline ADT-TIPS-F and Pc-
TIPS films. A similar difference in �� was observed on sub-
picosecond time scales in amorphous and polycrystalline Pc-
TIPS films,17 which may suggest that �� values similar or
higher than those observed in Pc-TIPS films could be ob-
tained in the crystalline phase of DCDHF.33,53

Transient decay: carrier dynamics from picoseconds to
microseconds. The decay dynamics of the transient photo-
conductivity reflects charge trapping and recombination pro-
cesses. ADT-TIPS-F and Pc-TIPS films exhibit two-
component decays, with a faster component on the time scale
of �100 ps, most likely due to initial recombination and
deep trapping, and a slower component characterized by a
power-law function �Iph� t−�� with ��0.5–0.7 �Fig. 1�c��.
Similar power-law decay dynamics were previously ob-
served on time scales from �400 fs to at least �500 ps
after photoexcitation in optical pump-terahertz probe experi-
ments in similar materials and were attributed to tunneling of
nearly small molecular polarons.16,17,54 In our experiments in
ADT-TIPS-F and Pc-TIPS films, we observed similar trans-
port evolution over time scales that extend into a microsec-
ond range in our best films. The product of mobility and
photogeneration efficiency ���, obtained from the amplitude
of the transient photoconductivity�, decreasing as the tem-
perature increases �Fig. 3� in ADT-TIPS-F and Pc-TIPS films
�Fig. 3�, would support this hypothesis. Assuming that pho-
togeneration efficiency � does not decrease with the
temperature,55 this behavior would be attributed to the charge
carrier mobility, whose resulting temperature dependence is
consistent with bandlike charge transport on picosecond time
scales.15–18,21 Since decay dynamics of transient photocon-
ductivity are temperature independent in the range studied,
this suggests that the contribution of localized carriers, either
lattice polarons or carriers thermally excited out of traps, to
the photocurrent is not significant up to at least microseconds
after photoexcitation. This is consistent with a recent dem-
onstration that light quasiparticles, which could be nearly
small molecular polarons rather than heavy lattice polarons,
dominate charge transport in rubrene single crystals13 and
agree with our observation of nonthermally activated behav-
ior of cw photoconductivity at a chopper frequency f of 1

FIG. 6. Cw photocurrent as a function of temperature �T� obtained in ADT-
TIPS-F, Pc-TIPS, and DCDHF films �solid squares, open circles, and solid
triangles, respectively� at 0.8�104 V /cm and in GaAs �solid diamonds� at
100 V/cm at light intensity of 0.5 mW /cm2 at 532 nm: �a� at a chopper
frequency f of 1 kHz and �b� under dc conditions. Double and triple symbols
of different sizes correspond to different samples. �c� Cw photocurrent in
one of the DCDHF �triangles� and ADT-TIPS-F �squares� samples replotted
as a function of 1/T: at f =1 kHz �solid symbols, left axis� and under dc
conditions �open symbols, right axis�. Arrhenius fits �Icw� exp�−� / �kBT���,
with corresponding activation energies �, are also shown.
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kHz �corresponding to characteristic times of �1 / �2�f�
�160 �s� in Pc-TIPS and some of the ADT-TIPS-F
samples. However, more studies are needed to elucidate con-
tribution of dispersive transport, which could also be respon-
sible for the observed power-law decay dynamics, to the
transient photocurrent.

The decay dynamics of the transient photoconductivity
observed in DCDHF amorphous glass indicate that most
charge carriers photogenerated on picosecond time scales are
trapped in deep traps within �200 ps, and less than �3% of
the carriers contributing to the peak photocurrent are still
mobile after only 3 ns. Interestingly, the amplitude of the
transient photocurrent and, therefore, �� values in DCDHF
amorphous films are not thermally activated �Fig. 3� despite
lack of crystalline order in these samples. A small decrease in
�� as a function of temperature could reflect an increase in
disorder caused by highly temperature-dependent local mo-
tion of the DCDHF side groups, which would lower the in-
trinsic charge carrier mobility at higher temperatures. Such
motion has been previously observed in other DCDHF de-
rivatives, is known to occur on the microsecond time scales
at T�Tg, and is much faster at T�Tg.34 which would lower
the intrinsic charge carrier mobility at higher temperatures.
Apparently, large-scale molecular motion activated at around
Tg in DCDHF glass, which assists in cw photoconductivity
�Fig. 6 and Ref. 34� is too slow to contribute to the transient
photocurrent.

Electric field dependence. In all organic samples, electric
field dependence of the amplitude of the transient photocon-
ductivity was between linear ���1� and superlinear with
��1.8, which would suggest sublinear electric field depen-
dence of mobility � and photogeneration efficiency �, or
both. Since at the relatively low electric fields used here �up
to 4�104 V /cm� mobility is not likely to depend on the
electric field,56 most of this dependence would be due to �.
However, our observation of an increase in � as a function of
the time after photoexcitation and of �cw being larger than �
�e.g., in Fig. 2�b�� suggests that most of the electric field
dependencies do not come from the initial photogeneration
efficiency �0, but rather from the electric-field-induced
detrapping25 of charge carriers trapped in very shallow traps
within, for example, the first 30 ps after photoexcitation, or
from the increasing contribution of another relatively slow
process of carrier photogeneration �e.g., electric field-
assisted triplet exciton dissociation� to the photocurrent at
longer time scales. Although the electric-field-dependent
shape of the transients, especially pronounced in ADT-
TIPS-F films �Fig. 2�, are more consistent with the former
mechanism, detailed photophysical studies are needed to dis-
tinguish between these mechanisms and are currently in
progress.

Distribution of trapping states. In all organic samples,
cw photocurrent generated with 532 and 365 nm light had
similar values �at the same number of absorbed photons and
under the same conditions� and exhibited similar dependence
on various parameters. This indicates that the same mecha-
nism of photogeneration of mobile carriers and subsequent
charge transport which contributed to cw photocurrent is op-
erational at these wavelengths. Information about distribu-

tion of trapping states, as well as about contribution of
charge carriers trapped and then released, in the cw photo-
conductivity, can be extracted by observing the changes in
the chopper frequency dependence of the cw photocurrent as
a function of light intensity and in light intensity dependence
of the cw photocurrent as a function of the chopper fre-
quency �Figs. 4 and 5, respectively�. In the case of monomo-
lecular recombination, the following chopper frequency de-
pendence of the mobile carrier density and, therefore,
photocurrent �Icw� is expected: Icw�1 / ��1+ ��	�2�, where
�=2�f and 	 are carrier lifetimes.57 At �	�1, frequency-
independent photocurrent, such as that in GaAs �Fig. 4�, is
expected. At �	�1, Icw decreases with frequency as 1 /�
�i.e., =1�. Inclusion of bimolecular recombination yields
the same behavior in these two limits.57 Power-law fre-
quency dependence, with �1, has been observed in photo-
induced absorption and photoconductivity experiments in a
variety of inorganic materials and has been attributed to
long-lived excitations, with stronger frequency dependence
reflecting higher density of defects and impurities.58–60 Val-
ues of �1, such as those measured in our films �Fig. 4�,
have also been observed in semiconducting polymers �e.g.,
=0.66 in PPV �Ref. 25� and =0.3 in
polydicarbazolyldiacetylene57� and have been attributed to a
broad distribution of trapping states. At higher light intensi-
ties, the frequency dependence of the photocurrent is weaker
in all samples. A similar trend was previously observed in
inorganic semiconductors such as GaS crystals and explained
by carrier lifetime decreasing as the intensity increases due
to bimolecular recombination.58 Qualitatively, a reduction in
	 with intensity leads to an approach to the limit �	�1 and
results in an almost frequency-independent photocurrent.
Among ADT-TIPS-F, Pc-TIPS, and DCDHF films, the ADT-
TIPS-F films exhibited the strongest dependence of  on
light intensity, reaching  of only �0.07 at 25 mW /cm2.
This is consistent with a much higher cw photocurrent, and
therefore, carrier density, in ADT-TIPS-F �Fig. 6�, which
leads to an enhanced bimolecular recombination.

Intensity dependence: Contribution of trapping and re-
combination to carrier dynamics on millisecond and longer
time scales. While light intensity dependence �Icw� Ib� was
linear in GaAs, it was sublinear �b�1� in all organic
samples under dc conditions and at lower chopper frequen-
cies, but increased to 1 at higher frequencies �Fig. 5�. As
sublinear intensity dependence is indicative of the presence
of shallow traps �0.5�b�1� and bimolecular recombination
�b=0.5� in a material,61 our results suggest that the contribu-
tion of these traps, as well as bimolecular recombination in
our range of light intensities, to cw photocurrent is consider-
ably lower at higher frequencies corresponding to time scales
of several hundreds of microseconds.

Localization processes on longer time scales. Compari-
son between temperature dependencies of the cw photocur-
rent observed in ADT-TIPS-F and Pc-TIPS films at f
=1 kHz and under dc conditions suggests that carrier local-
ization still proceeds on time scales from hundreds of micro-
seconds to seconds and the contribution of localized carriers,
moving by thermally activated hopping, to the cw photocur-
rent increases as the time progresses. In the dc limit �time
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scales of tens of seconds�, thermally activated cw photocon-
ductivity is observed in most ADT-TIPS-F and Pc-TIPS
samples. Larger activation energies � obtained in ADT-
TIPS-F films compared to those in Pc-TIPS films �up to 0.17
and 0.05 eV, respectively� suggest broader distribution of
trapping sites in the ADT-TIPS-F. A much higher cw photo-
conductivity observed in ADT-TIPS-F films compared to Pc-
TIPS ones, in spite of their comparable transient photocon-
ductivity, may indicate a much larger contribution by carriers
detrapped from shallow traps into the cw photocurrent in
ADT-TIPS-F. The traps are deeper in Pc-TIPS, which is con-
sistent with the decay dynamics of the transient photocon-
ductivity �Fig. 1�b��. Once carriers are trapped in these deep
traps, they do not contribute to the cw photocurrent mea-
sured under conditions of our experiments, but rather partici-
pate in persistent photoconductivity on the time scales of
hours.28 In DCDHF glass, complete carrier localization oc-
curs on submillisecond time scales �most likely subnanosec-
ond time scales as suggested by our transient photoconduc-
tivity experiments� as cw photoconductivity exhibits similar
thermally activated behavior at all chopper frequencies and
under dc conditions, with � of �0.24–0.26 eV. GaAs is on
the other end of the spectrum, with delocalized carriers con-
tributing to transient and cw photocurrents at all time scales
investigated.

V. SUMMARY

In summary, our data are consistent with the following
overall picture. In ADT-TIPS-F, Pc-TIPS, and DCDHF films,
mobile charge carriers are photogenerated on picosecond
time scales via nonthermally activated mechanisms, assisted
weakly if at all by electric fields. In ADT-TIPS-F and Pc-
TIPS polycrystalline films, the charge transport mechanism
at time scales from tens of picoseconds to at least several
hundreds of nanoseconds is consistent with tunneling of
nearly small molecular polarons. However, dispersive trans-
port, especially at time scales longer than nanoseconds after
photoexcitation, cannot be ruled out. In DCDHF amorphous
glass, nonthermally activated charge transport on picosecond
time scales is observed and is negatively affected by disorder
caused by the local motion of the DCDHF side groups. In
these films already at �200 ps after photoexcitation, most
charge carriers are trapped or recombined. At room tempera-
ture at 1.2�104 V /cm, values obtained for the product of
mobility and photogeneration efficiency, ��, in ADT-
TIPS-F, Pc-TIPS, and DCDHF films are �0.018–0.025,
�0.01–0.022, and �0.002–0.004 cm2 /V s, respectively,
depending on the film quality.

On time scales from hundreds of microseconds to sec-
onds after photoexcitation, an increasing contribution of lo-
calized carriers to photocurrent, together with an increasing
role played by traps and, at higher light intensities, by bimo-
lecular recombination, is observed in ADT-TIPS-F and Pc-
TIPS films. At these time scales, only thermally activated
hopping of localized charge carriers is observed in DCDHF
glass. Although photoconductivity on picosecond time scales
is similar in ADT-TIPS-F films and Pc-TIPS films, it be-
comes much higher on longer time scales in ADT-TIPS-F,

which we associate with a larger contribution to the photo-
current in ADT-TIPS-F from carriers detrapped from shallow
traps. In general, the effects of trap depth and of trapping and
detrapping dynamics are more noticeable on longer time
scales. The investigation of the role of trap density and trap
depth, as well as exciton dynamics, in charge carrier dynam-
ics in these materials is currently underway.
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