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Effect of photoinduced charge displacement on organic optoelectronic conversion
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As a significant drawback to organic electronics, poor mobility in organic materials makes it difficult for carriers
to make long trips across thin film devices. In the present work, we show that a short carrier trip or even charge
displacement can contribute to the functioning of optoelectronics without being influenced by the poor carrier
mobility. Our findings are based on analysis of the current-voltage and capacitance-voltage characteristics, as well
as the anomalous transient photocurrent of the photocells of a radical material, 4′4-bis(1,2,3,5-dithiadiazolyl). This
photoinduced transient current was successfully analyzed based on the total current equation and was interpreted
in terms of the polarization current induced by charge displacement in the films. This mechanism provides
preliminary information with respect to the development of methods for high-speed organic optoelectronic
conversion.
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I. INTRODUCTION

Organic optoelectronic devices including organic
photovoltaics1–3 and photodetectors4–8 have received intense
attention due to their flexibility, low cost, and ability to
achieve large-area fabrication. However, the poor mobility of
organic materials always gives rise to the formation of space
charges in organic thin film devices, and the space charges
limit both the conduction current and the photocurrent.9 While
most works on organic optoelectronics focus on improving
device performance with a steady-state conduction current,
a transient photocurrent (TPC)10–13 has not been utilized,
probably due to its ambiguous mechanism and characteristics.

We recently revealed an anomalous TPC in the thin
film devices of 4′4-bis(1,2,3,5-dithiadiazolyl) (BDTDA)14 and
proposed that space charges stimulate this behavior. Such
films consist of alternating one-dimensional π -stacking with
molecular planes parallel to the substrates. The π -stacking
can therefore bridge the distance between bottom and top
electrodes, as shown in the inset of Fig. 1(a). As discussed
in our previous work,15 the lowest unoccupied molecular
orbitals (LUMOs) of BDTDA form a wider band through
the large overlap between the neighboring LUMOs, while
the highest occupied molecular orbitals (HOMOs) form a
narrow band. This difference leads to a significant carrier
transport imbalance in the material. Due to the imbalance and
the large thickness of the BDTDA films (∼300 nm), which
naturally exceed the common carrier drift length in organic
materials, space charges probably exist in the devices under
illumination.9

The goal of the present study was to theoretically and exper-
imentally explain the TPC of the BDTDA photocells based on
the total current equation. We interpret the TPC in the BDTDA
films in terms of a large polarization current induced by the
formation of space charges near the electrodes of BDTDA
thin film devices, which was confirmed by current-voltage
(J -V ) and capacitance-voltage (C-V ) measurements. A space
charge–limited current (SCLC) was observed, indicating an

imbalance of carrier transport. Mott-Schottky plots for the C-V
measurement demonstrate unwanted doping in the BDTDA
films. The mechanism of the TPC appears to provide a potential
mechanism for optoelectronics to utilize photoinduced charge
displacement even without conduction current, especially for
high-speed pulsed light organic detectors in various fields,
such as optical communications and remote controls.

In this paper, the experimental methods are described and
the results from J -V and C-V measurements are given to
provide insight into the BDTDA film. A series of formulae
based on the total current equation are then developed to fit
the experimental data. The theoretical ideas behind this series
are discussed in the final paragraph of Sec. III, and the final
section gives a brief conclusion.

II. EXPERIMENT

Except for the radical BDTDA, all materials used in the
present study were commercially available. The BDTDA was
prepared as described in Ref. 16. Indium tin oxide (ITO) glass
substrates were pretreated ultrasonically with 2-propanol,
acetone, and chloroform. BDTDA thin films (300 nm) were
thermally evaporated onto the substrates with a rate of 1 nm/s
and under a vacuum pressure of ∼5 × 10−4 Pa. Aluminum
(Al) as a top electrode with a thickness of ∼50 nm was also
thermally evaporated onto the thin films, and the effective area
of the photocell was 0.02 cm2. Film thickness was monitored
by a quartz crystal microbalance.

Photocurrent and J -V measurements were carried out un-
der a vacuum pressure of <1 Pa with the techniques described
in Refs. 14 and 15. A Keithley 6487 picoammeter/voltage
source was utilized as a power supply and current meter. To
measure the photocurrent of the photocells, a monochromated
500-W halogen lamp with Nikon G250 grating was employed
as a light source to irradiate the sample. The maximal
monochromated light intensity in the visible region was ∼10
μW/cm2, which was calibrated with a silicon (Si) photodiode.
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FIG. 1. (Color) The J -V characteristicsof a BDTDA photocell
under a dark condition. (a) Linear plot of J versus V . The inset
provides schematic views of the ITO/BDTDA/Al photocells and the
molecular structure of BDTDA. (b) The log(J )–log(V ) plot for the
J -V curve in (a). The slope at high voltage (>0.8 V) is approximately
4.9. The inset shows an energy diagram for the ITO/BDTDA/Al
photocell.

To match the absorption band of BDTDA thin films, light with
a wavelength of 560 nm was chose and illuminated to the trans-
parent ITO electrode. C-V characteristics of various devices
were analyzed with an inductance–capacitance–resistance
(LCR) meter (NF Electronic Instruments, ZM-2355). A direct
current bias combined with a 0.1-V amplitude (root mean
square value) alternating current signal was adopted at 100 Hz.
Samples were fixed in a chamber filled with nitrogen.

III. RESULTS AND DISCUSSION

A. Space charge formation

To confirm the facility of the space charge formation in
the ITO/BDTDA/Al photocells, the J -V characteristics were
investigated under a dark condition. The Al electrode was
grounded, and the bias polarity was defined as plus when a

positive bias voltage was applied to ITO. Samples were fixed
in a vacuum cryostat. The values of V were then scanned from
−3 to 3 V. The J -V curve in Fig. 1(a) shows the rectification
behavior, and the rectification rate can be estimated to be ∼102

at ±2 V. This inferred behavior is reasonable, as the work
functions of the two electrodes are different and noninjecting
(see the energy diagram of electrodes and BDTDA in the inset
of Fig. 1(b)).

The SCLC was analyzed using the J -V curve. The applied
bias V was corrected17 to compensate for the built-in voltage
(Vbi) that mainly arises from the work function difference
between the two electrodes. The voltage drop across the series
resistance of BDTDA devices was not considered, as its value
was very small. Figure 1(b) depicts the log (J )–log (V ) plots,
which are based on the data in Fig. 1(a). There are two
regions in this curve with a crossover point ∼0.8 V. Below
this crossover voltage, the J -V curve demonstrates Shockley
behavior, which is ascribed to the injection limited current.
At higher voltages (V > 0.8 V), the log (J )–log (V ) plot
exhibits a linear dependence, and its slope can be estimated
to be ∼4.9. This value suggests that SCLC dominates this
region, though the dependence does not satisfy Child’s law
(J ∝ V 2).18,19 Such bulk limited current can be ascribed to
a trap-controlled SCLC or an SCLC with a field dependence
of carrier mobility.20,21 The space charges are therefore easily
generated in the BDTDA thin film devices, mainly due to the
significant imbalance of carrier transport and the relatively
large thickness.

To check the distribution of space charges in the BDTDA
thin film devices, C-V characteristics of an ITO/BDTDA
(300 nm)/Al photocell device, with an effective area of 0.02
cm2, were analyzed. The Mott-Schottky plot (1/C2 versus
V )22 in Fig. 2(a) evidently demonstrates two linear regions.
This indicates that the BDTDA film is not completely depleted.
Taking into account that both blocking contacts will bring
about two Schottky barriers connected in series, the barrier
or junction with a much smaller capacitance C, which is
determined by the space charge density and barrier height,
should dominate the device capacitance. A narrow barrier
width W of ∼2 nm for the first linear region, with a space
charge density N of ∼1020 cm−3, can be extracted based on
the relations23

1

C2
= 2

A2qε0εrN
(Vbi − V ) (1)

and

W =
√

2ε0εr(Vbi − V )/qN, (2)

where A is the effective area; ε0 and εr denote the dielectric
constant of free space and the relative dielectric constant of
the samples, respectively; and q means the elementary charge.
The narrow width is probably related to surface states or a
dipole layer. With the forward bias voltage increasing, such
states are filled, and the capacitance is dominated by another
barrier with W ≈ 10 nm and N ≈ 1019 cm−3.

To further characterize the barriers, a conduc-
tive poly(3,4-ethylenedioxythiophene) poly(styrenesulfonate)
(PEDOT:PSS) film as an anode, with a work function of
5.2 eV, was spin coated onto a ITO glass. The corresponding
device still demonstrates a positive slope in its Mott-Schottky
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FIG. 2. (a) Mott-Schottky plot of the ITO/BDTDA (300 nm)/Al
device. (b) Mott-Schottky plot of the Al/PEDOT:PSS/BDTDA
(300 nm)/Al device.

plot, as shown in Fig. 2(b). N and W are calculated to be
∼1019 cm−3 and ∼10 nm, respectively. This indicates that
the conductive polymer may significantly improve the surface
morphology of ITO and the surface states or dipole layer
may be removed. The linearity in the Mott-Schottky plots
evidently suggests that only one junction is dominant in the
undepleted ITO/BDTDA/Al photocells and is responsible for
the generation of photocurrent.

Considering that BDTDA may act as an n-type organic
semiconductor,15 the active region, with band bending for the
generation of photocurrent, may exist near the interface of
ITO/BDTDA (Fig. 3). Photogenerated excitons are mainly
dissociated in the active region, and holes are collected by
the ITO electrode, while electrons move in the opposite
direction. However, the limitation of the electron drift length,
due to relatively great thickness and a smaller electric field
in bulk region, makes movement difficult; the electrons
therefore accumulate near the border of the active region as
photogenerated space charges. This induces a redistribution of
the electric field and charge displacement inside the films.

Figure 4(a) shows the photoresponses of an
ITO/BDTDA/Al photocell with a bias voltage of 0 V.
Upon illumination of a monochromated light of 560 nm,
a large TPC was collected followed by a steady-state

FIG. 3. (Color) Schematic view of the BDTDA photocells.
Due to the large thickness and an imbalance of carrier transport,
photogenerated space charges are accumulated at the boarder of the
active layer (dark pink region). The built-in electric field will be
changed, which leads to the generation of polarization current in the
film.

photocurrent. Upon the removal of illumination, a negative
TPC from Al to ITO in the external circuit appears. Both the
TPC and steady-state photocurrent increase with increases in
the light intensity. Figure 4(b) demonstrates the short circuit
photoresponses under a reverse bias voltage of −2 V. As we
can see, the TPC is dramatically suppressed. In particular, the
negative current is nearly eliminated, while the steady-state
current is increased. The corresponding photoresponsivity
of the steady-state photocurrent under illumination of 1.81

FIG. 4. (Color) Photoresponses of the BDTDA photocell with
illumination of 560 nm. (a) Photoresponses under different light
intensities with a zero bias voltage. Positive and negative anomalous
TPC can be observed with the light on and off. (b) Photoresponses
under different light intensities with a bias voltage of −2 V. Both
positive and negative TPC were suppressed.
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μW/cm2 can approach 0.1 A/W. The TPC values under
the zero bias can be comparable to those of the steady-state
photocurrent under a bias voltage V . In addition, the positive
TPC with a weak excitation light intensity (�0.57 μW/cm2)
decreases exponentially with time, and the decay time of
the positive TPC shows light-intensity dependence. With
stronger illumination, faster decay can be obtained. If the light
intensity exceeds 0.57 μW/cm2, the positive TPC cannot fit
well with a single exponential simulation. This result may
suggest that the TPC is a superposed signal with different
mechanisms, including charge displacement triggered by the
photoinduced space charges.

B. Theoretical analysis

We carried out a theoretical analysis to interpret the TPC
in BDTDA photocells. Due to the existence of a junction with
a width of da (dark pink region in Fig. 3) at the dominant
interface (ITO/BDTDA) as an active region, which makes
a different contribution to the TPC compared with the bulk
region with a width of di (shallow pink region),14 the thick
film can be treated as a double-layer system.24 By utilizing the
total current equation, the photocurrent density J as a function
of time t in external circuits (i.e., TPC) can be expressed as25

J (t) = ξ

(τ − RC)

(
e− t

τ − e− t
RC

)
, (3)

where ξ = ε0εi
2daV / di(diεa + daεi) and τ = ε0(diεa + daεi) /

diσa
∗. εi and εa denote the relative dielectric constants of the

bulk region and the junction region, respectively. σa
∗ is the

photoconductivity in the junction region. RC is a time constant
in the circuit. Based on Eq. (3), we successfully simulated the
TPC, as shown in Fig. 5. The positive TPC at 0.2 μW/cm2

exhibits a large τ (9.4 s) and a much smaller RC time constant
(0.3 s).

We consider the situation of weak illumination. Since σa
∗ =

φI, where I refers to the light intensity and φ is a proportional
constant, the decay time of the first term in Eq. (3) can be

FIG. 5. Curve fitting (solid curve) for the positive TPC under
illumination of 0.2 μW/cm2 (square points) based on Eq. (3), which
shows good agreement.

written as

τ = ε0(diεa + daεi)

diφI
, (4)

which suggests a relationship of τ ∝ I−1. Therefore, weak
illumination leads to a large τ . If τ�RC, and Eq. (3) changes to

J ≈ Jme− t
τ , (5)

with a maximal J (t) value Jm:

Jm = ξdiφI

ε0(diεa + daεi)
∝ I. (6)

Equation (5) suggests that the TPC exhibits an exponential
decay under weak irradiation and/or with a very small RC
time constant in circuit, which fits well with the experimental
behavior.

To check Eqs. (4) and (6), the time decay τ and Jm were
extracted from Fig. 4(a) and plotted in Fig. 6 (square points).

FIG. 6. (a) Light-intensity dependence of the decay time of
positive TPC with illumination from a monochromated light of
560 nm. The decay time linearly decreases with the intensity.
(b) Light-intensity dependence of the peak value of TPC, which
exhibits linearity as the prediction in Eq. (6). Square points are the
experimental data extracted from Fig. 4(a).
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As we can see from Fig. 6(a), the decay time of the positive
TPC under different illuminations shows light-intensity de-
pendence. The time linearly decreases with increases in the
light intensity (τ ∝ I−1). Therefore, a large light intensity
can shorten the time for the generation of photoinduced
space charges. Figure 6(b) shows the relationship between
light intensity and peak value Jm. The linearity exhibits good
agreement with the prediction from Eq. (6), i.e., Jm ∝ I .

C. Mechanism of anomalous TPC

The results of the theoretical analysis match well with
our experimental data, suggesting that the TPC in BDTDA
involves two mechanisms, i.e., the conduction current in
the thin junction region and the displacement current due
to polarization mainly in the bulk region. The anomalous
behavior is universal for the thin films with large polarity,
poor mobility, relatively large thickness. In our analysis, the
variation in the dielectric constant induced by space charges
was omitted for simplification, which may also contribute
to the displacement component in the TPC. Though the
carriers in organic materials cannot withstand a long trip
due to various means of dissipation, including traps and
recombination, displacement or a polarization current can
generate a large TPC without a long trip. Fast generation of this
photocurrent is possible because the photoinduced polarization
current allows localized charges to oscillate around their
equilibrium states. These results suggest that photoactive
materials in an electric field, including photorefractive and
photoisomerization materials, may also exhibit the TPC even
without the conduction photocurrent. In addition, the faster

photoinduced changes of a built-in electric field or dielectric
constant lead to a larger TPC. A high speed may be achieved
since the performance is mainly limited by the fast dielectric
relaxation,26 not the conventional effect, i.e., slow carrier
transit process. These are promising for high-speed operation
in organic optoelectronics.

IV. CONCLUSION

We have experimentally and theoretically analyzed the
anomalous TPC in BDTDA photocells with a thickness
of 300 nm. A series of theoretical formulae for the TPC
based on the total current equation were developed. The
theoretical simulations of TPC peak profiles, decay time,
and light-intensity dependence match the experimental data
well. The polarization current triggered by the photoinduced
space charges plays a significant role in the TPC, in addition
to the conventional time-dependent conduction photocurrent.
Though a lack of mobility is the main drawback to using
organic materials for conduction, the poor mobility does not
hamper the polarization current. Therefore, the photoinduced
polarization/displacement current is quite applicable to use in
high-speed organic optoelectronic devices.
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