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a b s t r a c t

A study of photoconductivity in a planar photodiode based on the uniaxially aligned, semi-
crystalline polymer, poly(2,5-bis(3-alkylthiophene-2-yl)thieno[3,2-b]thiophene) (PBTTT)
is presented. The charge carrier photogeneration yield in bulk conjugated polymers is usu-
ally low but it could possibly be enhanced by applying a sufficiently large electric field, par-
ticularly along the direction of the polymer backbone. PBTTT is, in principle, an ideal
system to study any anisotropy in carrier photogeneration because directional alignment
of fully extended polymer chains can be achieved over macroscopic length scales. However,
we have found that electron trapping in this polymer results in high photoconductive gain
obscuring measurements of intrinsic photogeneration. We study the mechanism of photo-
conductive gain using steady-state and transient photocurrent measurement. Constant
background illumination and the deposition of a surface layer of an electron acceptor mate-
rial have been found to be effective in reducing the gain effects.

� 2011 Elsevier B.V. All rights reserved.
1. Introduction since photogeneration in pristine polymers is significantly
Over the past two decades organic solar cells based on
donor–acceptor bulk heterojunctions of polymer–fullerene
[1], polymer–polymer [2,3] and polymer–nanoparticle [4]
blends have been utilized to facilitate the charge generation
processes from the primary photogenerated excitons. De-
spite suffering a significant energy loss at the heterojunc-
tion during the charge transfer process and a consequent
reduction in open circuit voltage [5,6], this technology has
become quite successful and more than 7–8% solar cell effi-
ciency has been demonstrated [1]. The donor–acceptor het-
erojunction architecture is indispensible at the moment
. All rights reserved.

57; fax: +44 01223

s).
stems, Department of
versity of Technology,

ngineering, Kookmin
lower owing to the large exciton binding energy. However,
recently it has been claimed that in films of pristine poly-3-
hexylthiophene, almost 15% of the absorbed photons give
rise to direct generation of free charge carriers while 85%
give rise to excitons following the photoexcitation process
[7,8].

In order to understand better the mechanisms for charge
carrier generation in pristine polymers it is interesting to
investigate whether charge generation depends on the
alignment of the polymer chains with respect to an exter-
nally applied electric field. In a uniaxially aligned polymer
film it might be easier to separate photogenerated excitons
into free charge carriers if the electric field is aligned parallel
to the chain alignment direction, along which the charge
carrier mobility tends to be higher and the exciton state is
expected to be more polarizable than in the direction per-
pendicular to the chain direction. Faster intrachain transport
might help the electrons and holes to get swept apart quickly
and move out from their mutual Coulomb capture radius to
escape recombination. In previous reports on aligned
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light-emitting polymer field-effect transistors it was found
that non-geminate recombination is reduced significantly
when chains are aligned along the field direction [9,10].

The semicrystalline polymer, poly(2,5-bis(3-alkylthi-
ophene-2-yl)thieno[3,2-b]thiophene) (PBTTT), has recently
drawn much attention due to its high charge carrier mobil-
ity in transistor devices, higher environmental stability and
higher structural order as compared to other polythio-
phene materials [11]. Fused thiophene rings give rise to a
rigid rod structure and the increased separation distance
between the alkyl side chains facilitates dense side-chain
interdigitation and high degree of ordering. Thin films of
PBTTT, annealed above a second phase transition tempera-
ture at �250 �C, exhibit nanometer wide ribbon-like mor-
phology, in which the polymer chains are fully extended.
Nanoribbons are formed with edge on stacking of the
PBTTT chains with a characteristic width of 70–80 nm,
which is consistent with the length of the fully extended
polymer chain backbone as calculated from the molecular
weight of the polymer. The nanoribbons extend over mi-
crons in the direction of the p–p stacking. Due to its well
ordered microstructure, uniaxially aligned films of PBTTT
should be an ideal system to study any anisotropy in the
charge photogeneration in conjugated polymers.

Uniaxial alignment of the nanoribbons can be achieved
by directional flow coating methods where the nanorib-
bons become oriented perpendicular to the flow direction
[12]. We have also been able to align films of PBTTT uniax-
ially using the zone-casting method as reported previously
[13]. In this technique a polymer solution at a controlled
temperature is pushed through a linear nozzle and the
meniscus is moved slowly along the substrate held at a
slightly higher temperature to induce directed crystalliza-
tion of the organic semiconductor on the substrate. Highly
aligned PBTTT nanoribbons are achieved using this tech-
nique. Here we investigate planar photodiodes fabricated
by evaporating two top contacts on top of such aligned
PBTTT films. This geometry should allow us to compare
the charge generation efficiency with two different orien-
tations of the applied field, parallel to the polymer chain
direction and perpendicular to it.

Even though a significant mobility anisotropy was
achieved, in this system, electron trapping and high dark
current were limiting factors in this device geometry.
These gave rise to high photoconductive gain obscuring
the measurement of the ‘‘actual’’ anisotropy in photogen-
eration in these devices. Inability to find a good rectifying,
planar contact was also a limiting factor. Here we report
the observation of high photoconductive gain in planar
geometry photodiodes based on aligned nanoribbons of
PBTTT and discuss the origin of the high photoconductivity
anisotropy with field direction along the polymer chain
and perpendicular to the polymer chains.
Fig. 1. Chemical structure of C14-PBTTT (R = C14H29) (right) and device
structure (top left), glass/zone-cast PBTTT (120 nm)/Au (30 nm). Device
area was 0.02 mm2. AFM image of the zone-cast film annealed at 275 �C
to induce nanoribbon phase (bottom left). The arrow is showing the zone-
casting direction.
2. Experimental

2.1. Device fabrication

To fabricate the in-plane photodiodes, PBTTT (Mn = 25.6
kg mol�1, Mw = 46.8 kg mol�1, PDI = 1.83) was dissolved in
anhydrous 1,2-dichlorobenzene by annealing at 110 �C for
30 min to obtain a 2 mg/mL solution in nitrogen atmo-
sphere. The PBTTT films were zone-cast inside a nitrogen
glovebox on top of precleaned (sonication in acetone, IPA
followed by oxygen plasma treatment) glass substrates
(Corning 1737F). The details of the zone-casting parame-
ters have been reported previously [13]. Next, the zone-
cast film was annealed inside the glovebox at 275 �C on a
preheated hotplate for 2–3 s to induce nanoribbons. As
soon as the polymer melts, which can be detected by the
change in color (from dark red to transparent) of the poly-
mer film, the hotplate was turned off to allow slow cooling
of the substrate below 80 �C. The annealing time was kept
short in order to avoid the dewetting of the polymer on the
glass substrate. Despite a slightly wavy pattern of the
nanoribbons caused by the variation in polymer chain
length, significant optical dichroism with dichroic ratio of
6 was achieved in these films. Thirty nanometer thick top
gold contacts were evaporated through a TEM grid, used
as shadow mask, to define a planar photodiode with a
20 lm channel length and a width of 1 mm. In order to
avoid sample-to-sample variation, devices with different
orientation of the electrodes were fabricated on the same
substrate. The AFM image in Fig. 1 shows the surface
roughness of the zone-cast film of around 15 nm which is
typically much higher than that of spin coated films.
2.2. Measurement

All the measurements were done in a vacuum environ-
ment at a base pressure of 10�6 mbar. External quantum
efficiency measurements were performed using both
unpolarized, CW and pulsed optical excitation. The spot
size for CW excitation was 457 lm � 585 lm, while for
pulsed measurement it was 1.33 mm � 1.35 mm. Spot size
was measured using a beam profiler (WinCamD-UCD12,
DataRay Inc.). Illumination was from the top side, hence
the Au electrodes acted as masks. Since the device area
20 lm � 1 mm was less than the spot size, appropriate
correction was made while calculating the gain factor.
For pulsed excitation an unpolarized green LED (532 nm)
light source was driven using a function generator and
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the resultant photocurrent transient was measured using a
preamplifier and oscilloscope combination with 50 X cou-
pling resistance. Typical bias applied in this case was 200 V
(field �105 V/cm) using a Keithley 6517B electrometer. The
intensity of the pulsed excitation was measured using a
calibrated Si photodiode (Thorlabs SM05PD1A).
3. Results and discussions

3.1. Characterization of planar diode

The dark current–voltage (Idark–V) characteristics of the
top contact devices were carried out both in a nitrogen filled
glovebox and in vacuum (base pressure of 10�6 mbar). The
magnitude of Idark was slightly higher in the N2-glovebox
probably due to some residual doping by moisture and oxy-
gen. The Idark–V characteristics in vacuum (Fig. 2a and b)
show a sizable anisotropy in Idark magnitude consistent with
our previous measurement in transistors [13]. When the
polymer chains are aligned along the direction of current
flow, i.e., when the PBTTT nanoribbons, resolved in the
AFM images, are perpendicular to the current flow, the cur-
rent is by around a factor of 5 higher than when the polymer
chains are oriented perpendicular to the direction of current
flow. (Idark–V) characteristics were also measured on bot-
tom contact devices (PBTTT zone cast on top of photolitho-
graphically defined Au electrodes with channel length
20 lm). In this case the Idark values did not reproducibly
show a large anisotropy. This might suggest that the align-
ment at the bottom interface is perturbed by the presence of
Au electrodes which have a different surface energy com-
pared to the glass substrate. Therefore top contact geometry
was selected for all the measurements reported below.

These devices were further characterized by external
quantum efficiency measurement (EQE) under continuous
illumination (Fig. 2a and b) with different applied bias.
The measured EQE values at voltages >80 V (0.4 � 105

V/cm) exceed 100% and increase with increasing bias.
Clearly these devices are operating in photoconductive gain
regime [14–17]. The EQE given by the ratio of number of
charge carriers collected in the external circuit and number
of photons incident onto the device active area per second
(=Iphhc/qkP), from now on called as Gain (G), shows anisot-
ropy �10 at voltages 6150 V (0.75 � 105 V/cm) for chain
orientation parallel and perpendicular to the direction of
current flow. We further measured the CW intensity depen-
dence of G which shows a strong decrease with increasing
the intensity of illumination, varying from 1000 at 5 lW
to �95 at 110 lW of CW excitation (Fig. 2e). We also inves-
tigated the gain characteristics of asymmetric top contact
(Au–Al) devices. However, the dark current values in for-
ward and reverse bias were similar to those of Au–Au top
contact devices. Consequently similar Gain values were
achieved in asymmetric electrode devices.

Photoconductive gain can be caused by trapping of one
type of charge carriers (electron) and the consequent in-
crease in carrier recombination lifetime (s). If the transit
time of the free carrier (hole) ttr� s, the injected hole
per photogenerated electron will be transported across
the device many more times before recombining with the
electron [14–17]. This gives rise to an enhancement in
the measured quantum efficiency, G / s/ttr. An alternative
model for photomultiplication mechanism given by Reyna-
ert et al. assumes exciton mediated detrapping of holes
from deep trap states to shallow trap levels [18]. These de-
trapped holes will eventually be trapped into the deep trap
levels again however the time required to return to the
equilibrium is longer than the transit time of these
non-relaxed holes. Photomultiplication is thus caused by
injection and transport of these non-equilibrium holes.

In our case the most likely mechanism for photocon-
ductive gain is trapping of the photogenerated electrons
in the bulk of the semiconductor due to less efficient elec-
tron transport in PBTTT (FETs based on PBTTT with Ca
source–drain, exhibit poor electron transport with low
mobility of �7 � 10�4 cm2/V s, while with Au source–drain
no electron current was detected) [19]. Although we fabri-
cated our films under N2 atmosphere and measured them
in vacuum the origin of photoconductive gain and electron
trapping could be electrochemical reaction with residual
moisture and oxygen in the films. The other common ori-
gin for long-lived electron traps can be residual chemical
impurities either present in the polymer or introduced in-
side the glovebox during the film forming process.

The anisotropy observed in G can be attributed to the
difference in ttr resulting from the anisotropy in mobility.
Charge injection from the ohmic electrodes (Au) could also
play a role in determining the anisotropy, as the injection
current has been found to be proportional to the mobility
in the bulk [20]. Hence, when the field is oriented perpen-
dicular to polymer chains, due to lower mobility in the
channel and/or less effective injection of holes the transit
time decreases, giving rise to a lower G. The intensity
dependence of the CW-gain can be related to intensity
dependent decrease in the recombination lifetime due to
‘‘filling up’’ of the deep trap states. This aspect will be dis-
cussed in detail in the following section.

3.2. Transient photocurrent response under pulsed
illumination

The charge trapping effect becomes more evident upon
shining light for several minutes and then turning it off.
After switching off the light, the photocurrent relaxes quite
slowly with an apparent persistent behavior and the sam-
ple only recovers to the dark conditions over a period of
several minutes. The long tail over which the photocurrent
decays to its dark value is due to the slow thermal release
of electrons from the deep trap states and subsequent
recombination with free holes. This extremely slow decay
indicates the trapping and release of electrons from the
deep trap states takes place over several minutes (Fig. 2f).

The transient response of these planar photodiodes was
recorded under pulsed illumination (x � 10 Hz, 532 nm)
with varying intensity (Fig. 3a and b). The photocurrent
rise and decay kinetics at the short timescale of 100 ms
can thus be understood due to the trapping and detrapping
of electrons from shallow trap states with thermal release
rate, srel

�1 > x.
Fig. 3a and b shows the normalized transient response

with intensity as a parameter. Under low intensity of



Fig. 2. Bias dependence of dark current, photocurrent (light–dark) and gain for field orientation parallel (a) and perpendicular (b) to polymer chains. Device
was illuminated by �5 lW light of wavelength 530 nm. The gain-spectrum with field orientation parallel (c) and perpendicular (d) to polymer chains at
different bias under �5 lW intensity of illumination. (e) CW intensity dependence of the Gain with a constant bias 200 V applied across the electrode. Field
was directed parallel to polymer chains. For field oriented perpendicular to the polymer chains, a similar trend is observed; (f) Light induced persistent
photoconductivity under a bias voltage of 150 V. The device was illuminated using �5 lW, 530 nm light. (For interpretation of the references to colour in
this figure legend, the reader is referred to the web version of this article.)
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illumination (610.7 mW/cm2), photocurrent builds up
slowly and does not saturate to a steady state value. As
the intensity increases beyond 10.7 mW/cm2 the photore-
sponse becomes faster, a steady state is achieved within
the 100 ms light irradiation and the rise and decay curves
with different, sufficiently high intensity tend to overlap
on each other. The decay of the photocurrent exhibits
two distinct time constants. We detect a fast decay compo-
nent (over which the photocurrent decays to 50% of the
steady state value), which grows in magnitude as the
intensity increases. In contrast, the slope of the slow decay
component (51–100 ms) remains constant.

If the trapping time, st, is shorter than the free carrier
recombination lifetime, sn, st < sn, so that electrons
experience trapping prior to recombination with holes, rise
time and decay time (tres) is given by, tres � (1 + nt/n)sn,
where n the free electron density and nt is the electron
density in the shallow trap states [21]. At higher intensities
the density of free electrons is enhanced with respect to
the density of trapped electrons and this is the reason
why the rise and decay is faster at high intensity than at
low intensity. Above a certain intensity (>10.7 mW/cm2)
a steady state photocurrent is achieved and a thermal equi-
librium between free electrons and electrons in shallow
traps is established. Under that condition nt/n can be ex-
pressed in terms of the Boltzmann ratio = Nt/N0 exp(DE/
kT), where Nt is the density of trap states in an energy level
DE below the band edge and N0 is the density of free states



Fig. 3. Normalized photocurrent transients measured in a top-contact device using 50 ms square light pulse from a green LED of varying intensity. (a) Field
parallel (perpendicular) to polymer chains (nanoribbons). (b) Field perpendicular (parallel) to polymer chains (nanoribbons). Photocurrent decay has been
plotted in the inset in log-linear scale. The solid red line is the biexponential fit to the data (dotted lines). (For interpretation of the references to colour in
this figure legend, the reader is referred to the web version of this article.)
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at the band edge. Clearly, as this ratio does not depend on
intensity, the rise and decay time will be a constant multi-
ple of sn and will be independent of intensity. This also ex-
plains the saturation of G observed at higher intensity.

The photocurrent decay was fitted using a double expo-
nential function (Fig. 3a and b inset) which reveals two dis-
tinct time constants: the fast decay immediately after
switching off the light followed by a slow decaying tail
over several milliseconds. Fast decay time constants of
�500 ls for field parallel to polymer chains and �700 ls
for field perpendicular to polymer chains were obtained
at the highest light intensity. The slow decay component
exhibits similar time constant of �12 ms for both orienta-
tions and might be due to release of electrons from deeper
traps. The fast decay component can be due to (1) actual
collection of free holes and (2) recombination of free holes
with electrons detrapped from shallow trap states. The fast
decay component is still much slower than the transit time
calculated using hole mobilities obtained from transistor
measurement (with lh

|| � 0.1 cm2/V s, transit time =
L2/lV = 0.1 ls, where L = 20 lm is the length of the chan-
nel, V = 200 V is the applied bias). However, the high hole
mobility measured in the FETs can arise due to filling up
of the traps and high density of charge in the channel in-
duced by gate voltage. In the ungated planar photodiodes
the hole mobility could be significantly lower.

The gain value, calculated by measuring the amplitude
of the transient photocurrent modulation and the intensity
of the light pulse by a calibrated photodiode, was �10 at
110 lW of pulse intensity, which is significantly lower
than for CW illumination of comparable light intensity.
This difference in gain values suggests that in the pulsed
illumination experiment only a quasi-steady state has
been reached, there is in fact a further, slow rise of photo-
current over longer time scales building up to the value
measured under CW conditions.

3.3. Effect of background illumination

Next, we studied the transient behavior exposing the
devices to a short light pulse while continuously illuminat-
ing the device with a strong CW illumination. A constant
background illumination helps to maintain a constant pop-
ulation in the trap states and a small amplitude pulse does
not perturb the electron trap population significantly,
hence the resultant transient was expected to be less af-
fected by electron trapping effects [22,23].

Fig. 4a and b shows the effect of increasing the back-
ground illumination on transients recorded for a fixed
5 lW pulse illumination. The amplitude of the photocurrent
pulse decreases with increasing background intensity. With
a background illumination P155 lW (= 8.6 mW/cm2) stea-
dy state condition is achieved in conjunction with faster rise
and decay. Hence a 155 lW background intensity is suffi-
cient to raise the free electron density and fill up deep traps
so that the rise and decay kinetics for a 5 lW pulse is less af-
fected by deep traps and becomes faster. Also the decreasing
current magnitude indicates that the gain is being sup-
pressed by filling up the traps with the background illumi-
nation. Transients recorded with varying pulse intensity
for a fixed background illumination (155 lW) are presented
in Fig. 4c and d. As depicted in the insets, normalized tran-
sients for different pulse intensities overlap.

Even though charge trapping effects can be reduced
using background illumination, the photoconductive gain
mechanism is still active. G measured for the pulsed illumi-
nation was �10 and 4 for fields parallel and perpendicular
to the polymer chain direction, respectively. In the previ-
ous section, a two trap level viz. deep and shallow trap pic-
ture, with two different and well separated time constants
for trapping, has been adapted. With the background illu-
mination it is likely that we fill the deep trap states. The
slow rise in the photocurrent observed during continuous
illumination (Fig. 1f) suggests that the time required to
reach the equilibrium population in the deep trap levels
is indeed long. Electrons photogenerated due to the addi-
tional pulse illumination will not interact with the deep
trap states. The residual gain observed here is mainly due
to recombination with shallow electron trap states.

3.4. PBTTT–C60 bilayer devices

Identifying electron trapping as the dominant mecha-
nism for high photoconductive gain, we introduced an



Fig. 4. (a and b) Photocurrent transients for a small amplitude (5 lW) pulse with varying background CW illumination intensity. Field orientation is (a)
parallel and (b) perpendicular to polymer chains. (c and d) Photocurrent transients for a fixed background light intensity (155 lW) and varying pulse
intensity with field (c) parallel and (d) perpendicular to polymer backbone. Insets graphs showing the normalized photocurrent transients which overlap.
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electron acceptor layer of C60 on the surface of the PBTTT
film to reduce gain effects by providing an efficient pathway
for extracting electrons from the device. We fabricated a bi-
layer device where 40 nm C60 was evaporated on top of the
PBTTT layer without affecting the alignment of the polymer.

Fig. 5 shows the I–V characteristics for the PBTTT/C60

planar diodes with Au and Al top contact. The dark current
under reverse bias (positive voltage applied to Al elec-
trode) is reduced to 1 lA as compared to pristine case,
Idark � 100 lA at 105 V/cm. Forward bias current also de-
creases in magnitude suggesting a overall decrease in hole
mobility presumably due to interpenetration of C60 into
the polymer. Measured G value under reverse bias mode
Fig. 5. Dark current and photocurrent (light–dark) versus voltage for field applied
shown in the inset. Devices were illuminated using 200 lW, 532 nm light sourc
was 0.7 and 0.06 (corresponding to EQE values of 70%
and 6% with 105 V/cm applied field) for field parallel and
perpendicular to polymer chains respectively. Similar
EQE value was reported for MEHPPV–PCBM blend [24]
whereas much lower EQE of 4% was reported in P3HT–
PCBM blend based planar photodiodes [25]. This suggests
that despite lower electron trapping and decreased hole
mobility photoconductive gain mechanism might still be
active in this system and bulk doping of PBTTT with C60

is required without disturbing the alignment.
It is encouraging to reduce G below 1 by incorporating

C60, but it also prevents us to estimate the charge genera-
tion efficiency in pristine PBTTT since exciton dissociation
parallel (a) and perpendicular to the polymer chains. Device schematic is
e. The calculated gain value is also shown (dotted).
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at the PBTTT–C60 interface is highly efficient and
recombination losses are minimal. Hence other polyfluo-
rene-based acceptor-type copolymers, such as poly((9,
9-dioctylfluorene)-2,7-diyl-alt-[4,7-bis(3-hexylthien-5-yl)
-2,1,3-benzothiadiazole]-2

0
,2
00
-diyl) (F8TBT), poly(dioctyl-

fluorene-co-benzothiadiazole) (F8BT) might be a better
choice where lower charge generation efficiency at the
interface is expected owing to insufficient energy offset at
the heterojunction and enhanced geminate recombination.
In such system one might hope to see significant improve-
ments of device performance over what is possible in the
conventional sandwich geometry.

4. Conclusion

We have carried out a comparative study of photocon-
ductivity of PBTTT thin film with two different orientation
of the external field viz. parallel and perpendicular to the
polymer chains. Photocurrent measured under low level
light intensity indicates a large photoconductive gain due
to dominant electron trapping in the bulk. Anisotropy in
the measured gain indicates anisotropy in the hole transit
time, consistent with the mobility anisotropy measured in
this system. Transient photocurrent measurements reveal
the presence of deep and shallow trap levels with well sep-
arated time constant for trapping and detrapping. A con-
stant background illumination was used to fill up the
deep trap states and reduce the photoconductive gain by
decreasing recombination lifetime of the carriers. Forma-
tion of a bilayer heterojunction with a C60 electron-acceptor
layer was effective to reduce EQE below 100%. Although
high photoconductive gain observed in PBTTT based planar
diodes poses a challenge in terms of measuring the intrinsic
photogeneration anisotropy in this system it can be utilized
to design efficient photodetectors for imaging applications.
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