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We report on the contribution of effects at the organic semiconductor-metal interfaces to dark
current and to transient and continuous wave �cw� photocurrent in high-performance functionalized
anthradithiophene �ADT� films deposited from solution on glass substrates with gold �Au� and
aluminum �Al� electrodes. In all samples, fast sub-30 ps charge carrier photogeneration was
observed under photoexcitation with 100 fs, 400 nm laser pulses. Amplitudes of the transient
photocurrent measured in samples with Au and Al electrodes were similar within a factor of 2–4,
depending on the sample and on the applied voltage. Compared to transient photocurrents, dark
currents, and cw photocurrents exhibited pronounced differences between ADT films on Au and Al
electrodes, with considerably higher currents in samples with Au electrodes. Measurements of
photoresponse under uniform illumination were complemented by scanning photocurrent
microscopy performed on the same samples. Photocurrent profiles were obtained by scanning the
gap between coplanar electrodes with a tightly focused beam, either pulsed or cw, and measuring
photocurrent, either transient or steady-state at every point. While samples with Au and Al
electrodes exhibited similar distributions of the transient photocurrent amplitudes in the gap, those
of the cw photocurrents exhibited dramatic differences, in agreement with results obtained under
uniform illumination. © 2009 American Institute of Physics. �DOI: 10.1063/1.3129693�

I. INTRODUCTION

Organic semiconducting materials, in order to be used in
�opto�electronic applications, must be integrated into device
structures in which they are interfaced with inorganic mate-
rials, often metals. Therefore, processes occurring at such
interfaces and their influence on the device performance are
of great interest.1–3 In particular, it is important to distinguish
the part played by carrier dynamics in bulk material from
that played by interface dynamics, so that the contribution of
each to the behavior of the overall system may be under-
stood. Such questions are by no means fully answered at the
present time.1

One of the materials classes promising for low-cost �op-
to�electronic applications are high-performance solution-
processable small-molecular-weight organic semiconductors.
Recently, significant progress has been made in synthesis and
fabrication of thin-film devices based on such materials, in
particular, functionalized pentacene and anthradithiophene
�ADT� derivatives.4–10 Charge carrier mobilities of over
1.2 cm2 / �V s� have been demonstrated in thin-film-
transistors �TFTs� based on drop-cast and spin-coated films
of pentacene functionalized with triisopropylsilylethynyl
�TIPS� groups5 and of fluorinated ADT functionalized with
triethylsilylethynyl �TES� groups,8 respectively. The latter
derivative is one of the two functionalized ADT derivatives
studied here in device structures with gold �Au� and with
aluminum �Al� electrodes.

Theoretically, ohmic, neutral, and blocking contacts can
be distinguished, depending on their ability to inject charge

carriers in the semiconductor.11,12 In practice, however, it is
not easy to unambiguously determine the nature of the
contact.3 Also, creating a specific type of contact on demand
could be challenging. A need for contacts of different kinds
may arise depending on the material and on the type of the
measurement or application. For example, in measurements
of charge carrier mobility using the time-of-flight technique,
blocking contacts are necessary,13 whereas ohmic contacts
are desirable in TFT structures.14 The choice of the best con-
tacts to use when characterizing photoconductive properties
of materials could be difficult.15,16 For instance, while block-
ing contacts would ensure low dark current and low contami-
nation of the bulk material with trapped injected charges,
they can prevent effective extraction of photoexcited carriers,
which would lead to charge accumulation at the interfaces;
thereby screen electric field in the film and limit photore-
sponse. If ohmic contacts are used, however, the material can
become charged due to extensive trapping of charge carriers
injected from the electrodes, followed by space-charge field
formation, which might skew the results of the measure-
ments of intrinsic photoconductivity. Optimization of photo-
conductive performance of planar devices �e.g.,
photodetectors,17 photorefractive devices,18,19 etc.� could rep-
resent an additional challenge due to non-uniform electric
field distribution across the channel. In this paper, we seek to
explore the influence of the effects mentioned above on the
photoresponse of high-performance functionalized ADT de-
rivatives in planar device structures with either blocking �Al�
or near-Ohmic �Au� contacts. Dark currents, continuous
wave �cw� photocurrent and transient photoresponse with
sub-30 ps time resolution were measured, and related to thea�Electronic mail: oksana@science.oregonstate.edu.
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photocurrent profiles obtained by scanning the gap between
coplanar electrodes with a tightly focused beam �either
pulsed or cw� and measuring photocurrent �either transient or
steady-state� at every point.

II. MATERIALS

The materials used in our study are fluorinated ADT de-
rivatives, functionalized with TIPS or TES side-groups4,6

�ADT-TIPS-F or ADT-TES-F, respectively, inset of Fig. 1�.
Both derivatives exhibit brick-wall-type crystal packing,
with significant �-overlap.4,6 ADT-TES-F has been recently
explored in TFT applications: high-quality spin-coated poly-
crystalline films were obtained, with TFT hole mobilites
ranging between 0.01 and �1.5 cm2 / �V s�, depending on
the film deposition conditions and treatment of the
electrodes.6,8–10 In ADT-TIPS-F films, photocurrent at vari-
ous time-scales after photoexcitation has been recently stud-
ied as a function of applied electric field, temperature, wave-
length, light intensity, etc.7 At room temperature, steady-state
cw photoresponse in ADT-TIPS-F films was considerably
higher than that in functionalized pentacene polycrystalline
films7,20–22 and in dicyanomethylenedihydrofuran glasses
�used in photorefractive applications19�.

Glass substrates were prepared by photolithographic
deposition of 100-nm-thick Al or Cr �5 nm�/Au �50-nm�-
thick electrode pairs. Pairs were fabricated in two configura-
tions, the first consisting of ten interdigitated finger-pairs,
with 1 mm finger length, 25 �m finger width and 25 �m
gaps between the fingers of opposite electrodes, the second
consisting of six finger-pairs, with the same length and spac-
ing, but with 50 �m finger width. Coplanar pairs, with ei-
ther 25 or 50 �m gap were also prepared. Au and Al �with
work functions of 5.1 and 4.2 eV, respectively3�, interfaced
with the ADT derivatives �with highest occupied molecular
orbital �HOMO� and lowest unoccupied molecular orbital
energy levels of 5.35 and 3.07 eV, respectively, as measured
by differential pulse voltammetry23,24�, make hole-injecting
and blocking contacts, respectively, thus creating very differ-
ent charge injection conditions. ADT-TIPS-F and ADT-
TES-F polycrystalline films with thicknesses of 0.5–2 �m
were drop-cast from 3 wt % solution in toluene onto the
substrates at �60 °C in air. At least five samples of each
material on each metal type and of each configuration of
electrodes were prepared. Films deposited under inert atmo-
sphere on the substrates precleaned in sulphuric acid were
also tested and yielded similar results. Typical optical ab-
sorption spectra of ADT-TIPS-F and ADT-TES-F films are

shown in Fig. 1. ADT-TIPS-F and ADT-TES-F exhibited
identical absorption spectra in toluene solution,23 but differed
in the solid state: spectra of ADT-TES-F films were red-
shifted with respect to those of ADT-TIPS-F films. This shift,
observed regardless of possible sample-to-sample variation
in film morphologies,23 is most likely due to differences in
molecular packing of ADT-TES-F and ADT-TIPS-F in a
solid.6

III. EXPERIMENTAL

A. Transient and cw photoresponse and dark current

For transient photocurrent measurements, an amplified
Ti:sapphire laser �800 nm, 100 fs, and 1 kHz� was used in
conjunction with a frequency-doubling beta-barium borate
crystal to excite the samples at a wavelength of 400 nm.
Fluences in the 10–100 �J /cm2 range were used. Voltage in
the range of 10–150 V was supplied by a Keithley 237
source-measure unit and laser-pulse-induced transient photo-
current �Iph� was measured with a 50 � load resistor by a 50
GHz Tektronix CSA8200 digital sampling oscilloscope
�DSO� with time resolution of about 30 ps.7

In the measurements of cw photoresponse, the sample
was excited by a Nd:YVO4 laser at the wavelength of 532
nm. The Keithley 237 source-measure unit was used to mea-
sure dark current �Id� and current under cw illumination ei-
ther point-by-point or by performing voltage sweeps, from 0
to a maximum of 300 V. For measurements of temperature
dependencies, the samples were embedded in a fixture incor-
porating thermoelectric unit for temperature control in the
285–330 K range. The cw photocurrent �Icw� was calculated
as the difference between the current under illumination and
dark current. The light intensities were kept below
1 mW /cm2, except in measurements of light intensity de-
pendence of the cw photocurrent, in which the intensity was
varied between 0.5 and 25 mW /cm2.

In most of our experiments, the samples were �uni-
formly� illuminated from the glass substrate side, to mini-
mize photoinjection and photoemission effects by the
electrodes.25,26 However, data were also taken with illumina-
tion from the film side and compared with data taken with
illumination from the glass substrate side, to assess the con-
tribution of such effects, as well as those of glass-organic
film and organic film-air interfaces. No such contributions
were detected in either transient or cw photoresponse.

B. Scanning photocurrent microscopy

Scanning photocurrent microscopy has been previously
utilized to probe internal electric field distributions, map
electronic band structure, measure mobility-lifetime prod-
ucts, etc. in inorganic and organic films, nanowires, carbon
nanotubes, and graphene sheets.17,27–31 In our experiments,
ADT films on coplanar electrodes, either Al or Au, separated
by a 50 �m gap, were excited with a focused beam from the
glass substrate side, and photoresponse was monitored as the
excitation spot was moved across the gap from one electrode
to another �Fig. 2�, under applied voltage. This experiment
was performed with either pulsed 100 fs 400 nm excitation
or cw 532 nm excitation, using laser sources described

�

�

�

�

��

FIG. 1. Typical optical absorption spectra of ADT-TIPS-F and ADT-TES-F
films. Inset shows molecular structures �R=Si�i−Pr�3 in ADT-TIPS-F, and
R=Si�Et�3 in ADT-TES-F�.
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above. In the case of pulsed excitation, a lens with 2.5 cm
focal distance was used to focus the beam with pulse energy
of �1 nJ to an approximately 4 �m spot at the sample. The
lens was translated along the gap using a micrometer-
controlled translation stage. At each position of the lens,
transient photocurrent resulting from excitation of a localized
region of the film was recorded with the DSO. In the case of
cw excitation, the sample was placed under Olympus IX-71
inverted microscope, and a 10� objective with a numerical
aperture of 0.6 was used to focus the beam at the power of
�0.4 �W to an approximately 400 nm spot. Position of the
localized excitation with respect to the electrodes was moni-
tored by a charge coupled device �CCD� camera that de-
tected fluorescence �emitted by the photoexcited region of
the sample� collected through the same objective. The
sample was translated using a closed-loop piezoelectrically
controlled x-y stage with sub-nanometer resolution, with a
speed of 1 �m /s. Cw light was chopped at 565 Hz, and the
amplitude of the modulated photocurrent signal was mea-
sured by a Stanford Research Systems 830 lock-in amplifier.
The experiment was repeated as a function of applied voltage
and light power, as well as at different voltage polarities,
directions of the scan, and lengths of the waiting period be-
tween the successive scans.

IV. RESULTS

A. Transient photocurrent

Transient photocurrents with a rise time of several tens
of picoseconds, limited by the time resolution of our setup,7

were observed in both ADT-TIPS-F and ADT-TES-F films,
regardless of the electrode material or geometry. The shapes
of the transients were similar in ADT-TIPS-F and ADT-
TES-F films and could be characterized by a fast initial de-
cay �due to initial charge trapping and recombination� fol-
lowed by a slower decay component �due to detrapping,
transport, and recombination of the previously trapped carri-
ers� that lasted up to at least tens of microseconds.23,24 Figure
3�a� shows transient photocurrents, normalized at their peak
values and measured in ADT-TIPS-F films on Au and Al
electrodes. Interestingly, the faster decay component was
more pronounced in films on Al electrodes, whereas the
slower one was independent of the electrode material and
could be described by a power-law function �Iph� t−�� with
��0.2–0.3 in ADT-TES-F and 0.4–0.6 in ADT-TIPS-F �in-
set of Fig. 3�a�� over several orders of magnitude in
time.7,20,21,23,24,32 In samples with a 25 �m gap at voltages
above �30 V, the difference in the peak transient ampli-
tudes for films on Au and films on Al electrodes was com-
parable to that due to morphology-related sample-to-sample
variation7 of approximately a factor of 2 �Fig. 3�b��. The

amplitude of the photocurrent �Iph,max� is given by Iph,max

=eNph��Ed, where e is the charge of the electron, Nph is the
number of absorbed photons per area per pulse, � is the
photogeneration efficiency, E is the electric field, and d is the
length of the electrode �i.e., the width of the channel�. Here,
� is a sum of hole and electron mobilities which is domi-
nated by hole mobility in our materials.6 The photogenera-
tion efficiency � includes carrier loss due to initial trapping
and recombination within the first several tens of picosec-
onds, not resolved in our experiment �i.e., ���0, where �0

is the initial photogeneration efficiency�.7 The average elec-
tric field Eav is given by Eav=V /L, where V is the applied
voltage and L is the gap between the electrodes. However,
since the electric field is not uniform in semiconductor de-
vices with planar electrode geometry,18 as discussed in Sec.
V, and may be strongly affected by the electrode material, the
data throughout Sec. IV will be presented as a function of
applied voltage �V�, rather than electric field E, to avoid
ambiguity. The relation between the peak amplitude and ap-
plied voltage �Iph,max�V�� was sample-dependent, with �

�1.3–1.8.7 Analysis of the behavior of many samples; how-
ever, yielded that on average, � in samples with Al elec-
trodes was higher than in those with Au electrodes �e.g., �
=1.76	0.06 and 1.33	0.01 in ADT-TIPS-F films on Al and
Au electrodes, respectively, in Fig. 3�b��. Similar dependen-
cies were observed for all electrode geometries, regardless of
film-side or glass substrate-side illumination.

V

film
Au or Al

h�

L

FIG. 2. Schematics of the scanning photocurrent microscopy experiment.

FIG. 3. �a� Transient photocurrents, normalized at their peak values, ob-
tained in ADT-TIPS-F films on Au and Al electrodes under the same experi-
mental conditions. Inset: long time-scale dynamics of the same transient
photocurrents. Power-law fits �Iph� t−�� are also shown. �b� Transient pho-
toresponse peak amplitude �Iph,max� as a function of applied voltage obtained
in ADT-TIPS-F samples with Al or Au interdigitated electrodes.
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B. Dark current and cw photocurrent

Unlike the amplitudes of transient photocurrent, the cw
photocurrents �Icw� and dark currents �Id� for films on Au and
on Al electrodes differed by more than an order of magnitude
over a wide range of applied voltages, with much higher
currents measured in samples with Au electrodes �Fig. 4�.
Voltage dependencies of the dark current and of the cw pho-
tocurrent observed in samples with Au and Al electrodes
were drastically different, indicative of different mechanisms
responsible for observed currents, depending on the elec-
trode material. In samples with Au electrodes, the relation-
ship between dark current and voltage �Id�V�d� was close to
linear at very low voltages and close to quadratic at higher
voltages �e.g., �d=1.1	0.2 at voltages below 2 V and
2.19	0.03 from 2 to 300 V in an ADT-TIPS-F film in Fig.
4�a��. In contrast, in samples with Al electrodes, dark current
was weakly voltage-dependent at lower voltages, followed
by a steep increase at higher voltages. Despite this sharp
increase, even at the highest applied voltage of 300 V used in
our experiments, dark current in samples with Al electrodes
was much lower than that in samples with Au electrodes at
the same voltage. In films on either Au or Al electrodes, the
cw photocurrent was higher than the dark current in the en-
tire range of light intensities used. Regardless of the material,
in samples with Au electrodes, �cw obtained from the fit of
voltage dependence of the photocurrent �Icw�V�cw� ranged
between 1.5 and 2.2, depending on the sample. In any given
sample, however, a single value of �cw was sufficient to de-
scribe voltage dependence of the cw photocurrent over a
large voltage range �e.g., �cw=2.19	0.02 from 0.5 to 100 V
in an ADT-TIPS-F film in Fig. 4�b��. In samples with Al

electrodes, however, �cw was �1.3–3 at lower voltages
�e.g., �cw=1.65	0.05 in Fig. 4�b��, depending on the
sample, followed by steep transition described by �cw

�3.3–5 �e.g., �cw=3.28	0.03 in Fig. 4�b�� at higher volt-
ages. ADT films on Au and Al electrodes exhibited different
dependencies of cw photocurrent �Icw� on light intensity �I�.
In particular, the intensity dependence of cw photoresponse
�Icw� Ib� in samples with Au electrodes was weak, with b
�0.2–0.3, which suggests saturation of the current flow the
film can support. In samples with Al electrodes, the intensity
dependence was stronger, with b�0.6–0.7, in the range of
0.5�b�1 typically attributed to shallow trapping.7,34

C. Scanning photocurrent microscopy

1. Transient photocurrent

The peak amplitudes of the transient photocurrent mea-
sured at different positions of the localized pulsed photoex-
citation �Sec. III B� of ADT-TES-F and ADT-TIPS-F films
on Au and Al electrodes are shown in Fig. 5. No signal was
detected at any position in the absence of applied voltage.
Change in the transient photocurrent amplitude upon scan-
ning of the pulsed focused beam across a planar device has
been previously related to internal electric field distribution
in InP planar devices.30 In ADT films, although the exact
distribution of transient photocurrent amplitudes in the gap
somewhat depended on the measurement protocol �such as
direction of the scan and waiting time between the data
points�, these distributions in samples with Au and Al elec-
trodes were similar within the experimental error and, with
our spatial resolution, relatively uniform across the gap. In
particular, the amplitudes of transient photocurrents obtained
upon excitation of near-electrode regions and of a midgap
region were within a factor of 2 of each other. Transient
photocurrent decay dynamics under localized excitation in
samples with Au and Al electrodes were similar to those in
Fig. 3�a� obtained under uniform illumination, with the ini-
tial decay faster in samples with Al electrodes. No depen-
dence of the decay dynamics of the transient photocurrent on
the beam position in the gap was observed.

2. Cw photocurrent

Figures 6�a� and 6�b� show the cw photoresponse mea-
sured under localized excitation of ADT-TIPS-F films on Al

FIG. 4. �a� Dark current �Id� and �b� cw photocurrent �Icw� obtained in
ADT-TIPS-F films with Al and Au contacts in interdigitated geometry with
25 �m gap. Power-law fits Id�V�d and Icw�V�cw in �a� and �b�, respec-
tively, are also shown.

FIG. 5. Peak amplitudes of the transient photocurrent, normalized at their
maximal values in the gap, at different positions of the localized beam spot
obtained in ADT-TES-F and ADT-TIPS-F films on Au and Al electrodes, in
coplanar electrode geometry with 50 �m gap at 100 V and 150 V, respec-
tively. Dashed lines correspond to the geometrical edges of the electrodes.
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and Au electrodes, respectively, as a function of the beam
position in the gap. Samples with either Al or Au electrodes
showed a marked peak in photoresponse at the excitation
near the positively biased electrode, which became more pro-
nounced as the voltage increases. This effect was indepen-
dent of the direction of the scan and was observed at all light
powers ranging between 0.03 and 4 �W used in our experi-
ments. As seen from Fig. 6�a�, at 100 V, in the case of Al
electrodes, photoresponse was mostly limited to the several
micron-wide regions. Under the same conditions, photore-
sponse in the sample with Au electrodes was more uniform
within the gap �Fig. 6�b��, yielding measurable photocurrents
upon excitation of the midgap region, as well as of the region
close to the negatively biased electrode. Interestingly, if the
waiting period between the successive scans was short com-
pared to the time needed to thermally empty the filled charge
traps, the photocurrent distribution in the gap became more
and more uniform with each scan, which could be due to
increased carrier lifetime under trap-filled conditions. No
photoresponse was observed in the absence of an applied
voltage. Figure 7�a� shows photocurrent as a function of ap-
plied voltage obtained under uniform illumination of the
ADT-TIPS-F sample, the scanning photocurrent microscopy
data for which were presented in Fig. 6�b�. As seen from Fig.
7�a�, in this sample the cw photocurrent �Icw� under uniform
illumination exhibited quadratic voltage dependence, with
�cw=2.05	0.06. Figures 7�b� and 7�c� show voltage depen-
dencies of the photocurrent obtained under localized excita-
tion of the same sample in the midgap region and in the
region near the positively biased electrode, with �cw

=1.2	0.2 and 2.0	0.1, respectively. Clearly, the latter sig-
nificantly contributed to voltage dependence of the cw pho-

toresponse observed under uniform illumination. Films on Al
electrodes typically exhibited stronger dependencies on volt-
age upon localized excitation of the region close to the posi-
tively biased electrode, with �cw
3 at higher voltages, also
in agreement with those of cw photoresponse under uniform
illumination in these samples.

V. DISCUSSION

A. Dark current

1. Samples with Au electrodes

In films on Au electrodes, ohmic response was observed
at low voltages, followed by a transition to the space-charge-
limited current �SCLC� regime �Fig. 4�a��.35 Although a hole
injection barrier of �0.25 eV is expected due to the differ-
ence between the work function of Au and HOMO energy of
our ADT derivatives, this barrier height is low enough to
establish SCLC regime in a large range of applied voltages.39

In Fig. 8�a�, the dark current �Id� data from Fig. 4�a� are
replotted as a function of the applied voltage squared �V2�. In
the case of the planar electrode geometry used in our experi-
ments, the current flows along a thin layer of unknown thick-
ness, and the current density �j� is expressed in units of A/m
�as opposed to A /m2 for the “sandwich” electrode geometry�
and is given by j= Id /d.40 Although there is no analytical
solution for the relationship between SCLC density �j� and
voltage �V� in a film of finite thickness on coplanar elec-

FIG. 6. Cw photoresponse as a function of the beam position obtained in an
ADT-TIPS-F film in coplanar electrode geometry with 50 �m gap with �a�
Al electrodes at 100 V and �b� Au electrodes at 30, 50, and 100 V. In �b�, the
curves are shifted along y-axis for clarity. Ovals denote the “midgap” and
“near-the-positively biased-electrode” regions, more data for which are
shown in Fig. 7. Vertical dashed lines show positions of the edges of the
electrodes.

FIG. 7. Cw photoresponse obtained in an ADT-TIPS-F film in coplanar
electrode geometry with 50 �m gap with Au electrodes under �a� uniform
illumination and �b� and �c� localized excitation of �b� midgap region and �c�
of a region close to positive electrode �denoted by ovals in Fig. 6�. Fits with
a power-law function Icw�V�cw are also shown.
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trodes, Eqs. �1� and �2� provide solutions for the extreme
cases of the infinitely thin film and of the infinite half space,
respectively40

Thin film: j =
2���0

�

V2

L2 , �1�

Half space: j = 0.28���0
V2

L2 . �2�

Here � is the relative dielectric constant of the film, �0 is the
dielectric permittivity of vacuum, and L is the gap width
between the electrodes �Fig. 2�. Using Eqs. �1� and �2�, from
the slope obtained from a linear fit to the data in Fig. 8�a�,
and assuming �=3.5, we calculate hole mobilities of �
=0.053 cm2 / �V s� �0.008 cm2 / �V s�� and 0.12 cm2 / �V s�
�0.019 cm2 / �V s�� in the approximations of infinitely thin
film and infinite half space, respectively, in the ADT-TES-F
�ADT-TIPS-F� film. A mobility value in the range of
0.053–0.12 cm2 / �V s� �0.008–0.019 cm2 / �V s��, then, is
the lowest hole mobility in the ADT-TES-F �ADT-TIPS-F�
film required to account for the observed current. Although
mobility values extracted from our SCLC data for the ADT-
TES-F film are consistent with those measured in TFT struc-
tures in spin-coated ADT-TES-F films on untreated Au
electrodes,10 values as high as 1.5 cm2 / �V s� have been
obtained in better-quality ADT-TES-F films, achieved by
spin-coating on Au electrodes treated with
pentafluorobenzenethiol.6,8 Therefore, it is likely that the
SCLC regime observed in our voltage range is not a trap-
filled one, and � in Eqs. �1� and �2� must be replaced by
�eff=��, where � is a ratio between the free and trapped

charge density ���1�. This would suggest that the maximum
possible SCLC has not been achieved in our samples35 and
that current of higher density can flow in the ADT-TES-F
films. Our observation of high cw photocurrents supports this
conclusion.23 Qualitatively, observations discussed above are
applicable to ADT-TIPS–F films as well. However, hole mo-
bilities estimated from the SCLC data were lower than those
in ADT-TES-F by a factor of 3–8 �e.g., a factor of �6.6 in
Fig. 8�a��, depending on the sample, which is a consequence
of different molecular packing in ADT-TES-F and ADT-
TIPS-F crystallites and aggregates, as well as of ADT-
TIPS-F forming less uniform films and lower-quality inter-
faces with untreated Au, in comparison to ADT-TES-F.6,23

2. Samples with Al electrodes

In samples with Al electrodes, dark current is injection-
limited, since potential barriers for both hole and electron
injection are high. There is the additional factor of high re-
sistance to current flow through the 2–3 nm thick oxide layer
that forms on the aluminum under ambient conditions, and
the quantitative contribution of this oxide layer into the ob-
served current-voltage characteristics is currently unknown
and requires further investigation. At lower voltages, dark
current in films on Al electrodes was at least an order of
magnitude smaller than that in similar films on Au elec-
trodes. At higher voltages, a sharp increase in current oc-
curred �Fig. 4�a��, which, in general, can be attributed to
several mechanisms, including charge trap filling and
Fowler–Nordheim �FN� tunneling.35 Current-voltage depen-
dencies Id�Vm with m
7 were observed in a variety of
organic materials and attributed to filling of the traps with
exponentially distributed energies.35,41,42 In most of our
samples with Al electrodes, dark current data could indeed
be fitted with this power-law function, yielding values of m

5, varying from sample to sample. However, if this behav-
ior were due to charge trap filling in the bulk material, large
values of m would lead to strong dependence of the current
on sample thickness �or, in our case, on the gap width L�,12,35

which was not observed in our experiments. Figure 8�b�
shows typical dark current-voltage characteristics obtained in
samples with Al electrodes when plotted as the current den-
sity �j� divided by the applied voltage �V� as a function of
inverse applied voltage �1 /V�. In most samples, the loga-
rithm of �j /V2� was linear with respect to 1 /V at higher
voltages �Fig. 8�b��, which may suggest charge carrier tun-
neling through a barrier, described by the FN equation

ln� j

E2� = A − 
� 1

E
� , �3�

where A is a constant, E is the electric field, and 
 is defined
by Eq. �4�


 =
8��2m��B

3/2

3eh
. �4�

Here m� is the effective carrier mass, h is the Planck con-
stant, and �B is the effective barrier height. In Eq. �4�, the
barrier lowering due to a Schottky image force has been
neglected.

FIG. 8. �a� Dark current density in an ADT-TES-F film on Au 50 �m
coplanar and ADT-TIPS-F film on Au 25 �m interdigitated electrodes plot-
ted as a function of applied voltage squared. Fits with Eqs. �1� and �2� are
also shown. �b� Dark current density divided by voltage as a function of
inverse voltage measured in ADT-TES-F and ADT-TIPS-F films on Al in-
terdigitated electrodes. Fit with FN equation �Eq. �3�� is also included.
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In our case, the electric field E in the FN equation �Eq.
�3�� is difficult to quantify. Indeed, in a thin-film device with
planar electrode geometry, electric field is not uniformly dis-
tributed across the film,17,18,36 and its distribution depends on
various parameters including the gap width between the elec-
trodes, electrode length and width, and film thickness.12 In
dielectric films, the electric field is symmetric with respect to
the middle of the gap. When film thickness is much lower
than the gap between the electrodes, the field is lowest in the
middle of the gap �Emid=2V / ��L��, increasing symmetri-
cally toward the electrodes.18 If the film is semiconducting,
however, with one type of carrier more mobile than the other,
or with preferred injection and trapping of one carrier
type, an asymmetric electric field distribution is
produced.17,18,37,38,47 In particular, one of the electrodes could
be screened across a significant portion of the gap by space
charge,17,43 which is compensated in the region close to the
other electrode, causing a large change in the potential and a
significant increase in electric field in that region. In this
case, the electric field at the interface is better described by
E	V /Leff, where Leff is the effective width, which can be
much narrower than the gap width L. The slope of the linear
fit of ln �j /V2� versus 1 /V yields a product of 
 given by Eq.
�4� and Leff. Assuming m� is equal to the mass of the elec-
tron, at Leff=L �e.g., L=25 �m for the data in Fig. 8�b��, the
barrier height ��B� value obtained from the fit to, for ex-
ample, ADT-TES-F data, is only 0.03 eV, which is much
lower than 1.15 eV expected solely from the difference be-
tween Al work function and HOMO energy of ADT-TES-F
in the case of hole tunneling. In order to obtain the barrier
height of �1.15 eV, Leff needs to be about 100 nm. This
would be consistent with the width of the depletion region at
the injecting contact observed in pentacene films using scan-
ning Kelvin probe force microscopy.14,44 Most likely, how-
ever, the actual barrier height is significantly lower than 1.15
eV, due to disorder of the interfacial states, formation of the
interfacial dipole, and barrier lowering due to the image
force neglected in Eq. �3�.45–47 Additionally, there is an un-
known contribution of the aluminum oxide layer into the
properties of the injection barrier.

Although FN tunneling mechanism has been widely
used to explain current-voltage characteristics in a variety of
organic materials,48–50 Eq. �3� was derived under assump-
tions of charge injection in the extended states, and concerns
have been expressed in the literature regarding applicability
of these assumptions to organic semiconductors.2,51 In par-
ticular, Arkhipov et al.51 showed that if carrier injection into
a disordered material is considered, current-voltage depen-
dence at high electric fields can look similar to that due to
FN tunneling, and can be explained without invoking a tun-
neling mechanism. In the model of Ref. 51, which was
shown to describe dark currents in a number of systems,52

energetic disorder in the organic material at the interface
promotes charge carrier injection by effectively lowering the
barrier. Although voltage dependencies of dark current and
cw photocurrent in ADT films on Al electrodes were inde-
pendent of temperature in the range of 285–330 K at high
voltages, which seems to be more consistent with FN mecha-

nism, measurements in the broader temperature range are
needed to unambiguously prove validity of either model in
the case of ADT-TIPS�TES�-F-Al interfaces.

B. Photocurrent

1. Transient photocurrent

Since measurements of the photocurrent were performed
in the presence of applied electric field, the photoresponse
was necessarily measured after dark current flow had been
established in the film, or, in other words, after the sample
had been preconditioned by the dark current. As discussed
above, in samples with Au and Al electrodes, very different
charge injection conditions obtain, and, therefore, different
preconditioning of the samples is realized. In particular,
samples with Au electrodes, in which SCLC regime is estab-
lished, are expected to have a high density of filled hole
traps. In contrast, samples with Al electrodes are expected to
be in a close-to-pristine condition �empty traps� at low volt-
ages, and have partially filled traps at higher voltages, after
hole injection via FN tunneling is enabled. Similar ampli-
tudes of the transient photocurrents obtained in films on Au
and Al electrodes �Fig. 3�b�� suggest that the presence of
trapped charge carriers, although not negligible, does not
play a determining role in charge photogeneration and trans-
port on picosecond time scales. Nevertheless, differences in
the initial decay of the transient photocurrent were observed,
with films on Al exhibiting a faster initial decay than those
on Au �Fig. 3�a��. Transient photocurrent data obtained in
scanning photocurrent microscopy experiments �Sec. IV C�
help clarify the nature of this effect: since differences in the
initial decay in the films on Au and Al electrodes were ob-
served upon excitation of any region in the gap, including
that far away from the electrodes, fast initial decay is related
to bulk material properties and is most likely due to fast
trapping of photogenerated holes.7,20,21,32 In films on Au
electrodes, many hole traps are prefilled by dark current,
which reduces density of empty traps, which in turn reduces
initial trapping of the photogenerated holes. In contrast, most
traps in films on Al electrodes are empty and are readily
filled by photogenerated holes, thus leading to a fast initial
decay of the photocurrent. This would be consistent with
previously observed slowing down of the initial decay of the
transient photocurrent upon increasing applied electric field
in ADT-TIPS-F films on Al electrodes.7

2. Cw photocurrent

In contrast to transient photocurrent, photoresponse un-
der cw illumination is strongly affected by the conditions
imposed by the electrode material �Fig. 4�b��. The steady-
state photocurrent �Icw� in the case of a homogeneous photo-
conductor is proportional to the photoconductive gain �G�,
which is the ratio of the number of charge carriers generated
by photoexcitation passing through a solid between two elec-
trodes to the number of quanta absorbed by this solid during
the same period of time.11 The photoconductive gain is
strongly influenced by the type of the photoconductor, de-
pending on relative hole and electron mobilities and on
whether the carriers can be replenished at the electrodes. In
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the case of dominant hole transport, G	�0� / ttr, where � is a
carrier lifetime and ttr is the transit time for a hole to travel
across the sample. The photoconductive gain G can be much
larger than the initial photogeneration efficiency �0,23,53 pro-
vided holes are efficiently replenished at the electrodes,
which is the case of ADT films on Au electrodes.11 This is in
contrast to samples with non-injecting electrodes, such as
ADT films on Al electrodes at low voltages, in which the
maximal achievable gain cannot exceed �0.11,23,33

In Fig. 9�a�, cw photocurrent �linear� density jcw, ob-
tained in ADT-TES-F film on Al electrodes, divided by ap-
plied voltage squared �i.e., jcw /V2�, is plotted as a function of
inverse voltage �1 /V�. Interestingly, the behavior of the pho-
tocurrent in samples with Al electrodes is similar to that of
the dark current and is consistent with FN tunneling.54 The
product of the barrier height �B and effective gap width Leff,
calculated from the FN fit �Eq. �3�� to the photocurrent data,
is lower than that obtained for the dark current, and it de-
creases as the light intensity increases �Fig. 9�b��. This sug-
gests that photogenerated electrons trapped near the posi-
tively biased electrode increase electric field in this region
�thus reducing Leff�. It also indicates that at higher voltages,
once FN tunneling is enabled, the electrode begins to effec-
tively replenish holes, increasing the photoconductive gain
G. As a result, at high voltages the photocurrent values in
samples with Al electrodes start rapidly approaching those
achieved in samples with Au electrodes �Fig. 4�b��.

Additional insight is provided by comparison of the pho-
toresponse profiles obtained by photocurrent scanning mi-
croscopy, in particular: �i� amplitudes of transient photocur-
rents versus cw photocurrents �Figs. 5 and 6, respectively�
and �ii� cw photocurrents in samples with Al versus Au elec-
trodes �Figs. 6�a� and 6�b��, respectively�. Clearly, the degree
of asymmetry with respect to the middle of the gap, as well

as the difference between photocurrent profiles in films on
Au and Al electrodes, are much more pronounced in the case
of cw photocurrent, compared to transient. This is expected,
since the amplitudes of the transient photocurrent are propor-
tional to the number of photogenerated carriers immediately
after photoexcitation, whereas steady-state photocurrent
measured under cw illumination is proportional to the
number of the photogenerated carriers reaching the
electrodes.27,31 In order to maintain steady-state photocur-
rent, the continuity condition 
jn1
+ 
jp1
= 
jn2
+ 
jp2
, where
jn1,2 �jp1,2� are electron �hole� currents flowing across the
metal-organic interfaces at electrodes 1 and 2, respectively
�Fig. 10�, must be met.27,31 Our observation of the maximum
cw photocurrent produced upon excitation of a region close
to the positively biased electrode, regardless of the electrode
material, is a reflection of the fact that holes are more mobile
than the electrons in ADT films,17,31 as illustrated in Fig. 10.
In samples with either Au or Al electrodes, electron injection
is negligible, and thus jn1	0. When the region close to the
positive electrode 2 is illuminated, current due to photoge-
nerated holes reaching electrode 1 �jp1� must be balanced by
currents due to photogenerated electrons entering electrode 2
�jn2� and due to holes injected from electrode 2 �jp2�, i.e.,

jp1
	
jn2
+ 
jp2
 �Fig. 10�a��. If electrons are much less mo-
bile than holes, then only electrons that are generated very
close to the contact �within several micrometers, according
to Fig. 6�a�� reach the electrode, thus producing nonzero cur-
rent jn2. If the film is illuminated away from the positively
biased contact, then jn2	0, and the current jp1 is limited by
the injected hole current jp2, which is high in samples with
Au electrodes and low in samples with Al electrodes �at volt-
ages below those at which efficient FN tunneling occurs�.
This qualitatively explains a much sharper photocurrent
dropoff in the sample with Al electrodes compared to that
with Au electrodes, as photoexcitation is moved from the
positive electrode toward the midgap �Fig. 6�. When the re-
gion close to negatively biased electrode 1 is illuminated
�Fig. 10�b��, a large current due to photogenerated holes en-
tering electrode 1 �jp1� must be balanced by the hole injec-
tion current jp2, since in this case jn1	 jn2	0 in samples
with either Au or Al electrodes �i.e., 
jp1
	
jp2
�. As a result,
measurable currents are observed in films on Au electrodes,

FIG. 9. �a� Photocurrent density divided by applied voltage as a function of
inverse voltage measured in an ADT-TES-F film on coplanar Al electrodes
with cw photoexcitation at 0.5 mW /cm2. Fit with FN equation �Eq. �3�� is
also shown. �b� Slope from FN fits �Eq. �3�� to the cw photocurrent data
�which reflects the product of the barrier height �B and effective width Leff�,
normalized at its value for the case of dark current �at I=0�, as a function of
light intensity I in ADT-TES-F and ADT-TIPS-F films.

1 2

- +

jn1

jp1 jp2

jn2

h�

+
-

1 2

- +

jn1

jp1 jp2
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-

(a)
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+

FIG. 10. Schematics of the cw photoresponse under localized excitation of
the region near �a� positively and �b� negatively biased electrodes. jn1,2

�jp1,2� are electron �hole� currents flowing across the metal-organic inter-
faces at the electrodes 1 and 2, respectively.
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in which hole injection is efficient, in contrast to those on Al
electrodes, in which 
jp2
 is low. Although this simple de-
scription provides qualitative explanation for the observed
behavior, electric field changes due to trapped photogener-
ated charge carriers, which affect further charge photoge-
neration, transport and trapping need to be taken in to ac-
count, in order to quantitatively explain the profiles in Fig. 6.
In particular, voltage dependence of the photocurrent mea-
sured under localized photoexcitation depends on the loca-
tion of photoexcitation in the gap �as illustrated in Fig. 7�
and is determined by the electric field distribution in the gap,
as well as by electric field dependencies of the contributing
currents �in our case jp1, jp2, and jn2� and their relative mag-
nitudes.

VI. CONCLUSIONS

In summary, we examined contribution of effects at
metal-organic interfaces to photoresponse in functionalized
ADT thin films. On picosecond time scales, fast photore-
sponse due to photogenerated holes moving under applied
voltage was comparable in films on Au and Al electrodes. In
samples with Au electrodes, fast initial decay of the transient
photocurrent was not as pronounced as in those with Al elec-
trodes, due to high density of traps filled by holes injected
from the Au electrode, which reduced initial trapping of pho-
togenerated holes. The slower decay component, which
lasted up to at least microsecond time scales, was not signifi-
cantly affected by the trapped charge carriers.

In ADT films on Au electrodes, dark current and cw
photocurrent were higher by more than an order of magni-
tude than those in similar films on Al electrodes. While
space-charge-limited currents were observed in samples on
Au electrodes, injection-limited currents at low applied volt-
ages, with a transition consistent with FN tunneling at higher
voltages, were obtained in samples on Al electrodes. FN tun-
neling was also observed in cw photoresponse of films on Al
electrodes.

Photocurrent profiles, obtained in ADT films on coplanar
electrodes by photocurrent scanning microscopy, revealed
differences in the distribution across the gap of �i� transient
photocurrent amplitudes versus cw photocurrent and �ii� cw
photocurrents in samples with Au and Al electrodes. These
observations supported results obtained in the same devices
under uniform illumination.
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