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P
hotoconducting materials are of in-
tense importance for the development
of photodetectors and photovoltaic

cells, which have a wide range of applica-
tions such as environmental monitoring, op-
tical communication, medical imaging, solar
energy harvesting, space research, and de-
fense applications.1�13 Various mechanisms
are responsible for photoconduction. Upon
illumination with sufficient incident photon
energy, electrons can be excited above the
band gap, thereby creating a free electron
and hole which contribute to conduction,
provided their lifetime is longer than the
transit time. On the other hand, if the photon
energy is less than the band gap, an exciton
(bound electron�hole pair) is created, which
dissociates either thermally14 or by a large
electric field15 to produce free carriers that
increase the current. Photoconduction is also
observed when incident light increases the
temperature of the sample (bolometric
response),16 modulates the trap states at
the surface or interface through photode-
sorption of adsorbed molecules, or modu-
lates the Schöttky barrier formed at the
interface.17�19

In pure polymer devices the main me-
chanism of electron transport is thermally
(phonon) assisted hopping between loca-
lized (trap) states, so for incident light having

energy below the band gap, photoconduc-
tion occurs mainly through the creation of
excitons.20�23 Owing to their poor mobility,
single component pure polymer devices so
far have shown only low photoresponse.
Here, we demonstrate a new kind of photo-
conduction property of polypyrrole (PPy)
when it formsnanowires. At low temperature
these nanowires (having diameter up to
200 nm) show power-law behavior current�
voltage (I�V) characteristics, resistance switch-
ing at relatively high bias, negative differential
resistance (NDR), and noise enhancement in
the switched state.24,25 In the presence of
632.8 nm laser illumination at low tempera-
ture we observe large photoconductance
both in the linear and nonlinear regions of
the current�voltage characteristics, and the
switching threshold voltage (VTh) decreases
with increasing illumination intensity. The
photo current, Iph = (Ilight � Idark), where
Ilight(dark) is the current in the presence
(absence) of light, increases superlinearly
with increasing illumination intensity. The
photoresponse (Iph/Idark) was found to be
more than 105% and external photoconduc-
tive gain (Gext), which is the ratio of photo-
current to incident photons, is greater
than 2 even at low bias (<1 V). Bulk PPy
does not show significant photoresponse
upon 632.8 nm illumination (as it is unable
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ABSTRACT Size confinement at nanometer length scales gives rise to many new and tunable properties

of organic materials that are absent in their bulk state. Here we report, the appearance of large

photoconduction property of a conducting polymer when it forms nanowires. The photoresponse and the

external photoconductive gain were found to be >105 % and >200%, respectively, even at low bias (<1 V)

voltage. These nanowires show a resistance switching transition at low temperature above a threshold bias,

and below this transition, the resistance changes by more than 3 orders of magnitude under illumination of

light. The photoresponse increases superlinearly and the resistance switching threshold voltage decreases

with increasing illumination intensity. These properties are absent in the bulk polymer, and the observed

photoresponse is not bolometric or excitonic in nature, nor it can be explained by free carrier generation or

Schöttky barrier modulation, rather it is consistent with the photoexcitation of correlated charge carriers.
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to cause the π�π* transition which costs∼3.2 eV)26 at
our temperature (4.2�300 K) and bias (<4 V) ranges of
interest. The observed large photoresponse cannot be
explained by free carrier generation, exciton creation,
bolometric effect, photoinduced desorption mecha-
nism, or Schöttky barrier modulation. Rather, all the
observations indicate the photoexcitation of corre-
lated charge carriers present in these nanowires.

RESULTS AND DISCUSSION

Polypyrrole nanowires were synthesized using a
porous template through chemical polymerization.
Polycarbonate membranes of ∼10 μm thickness and
various pore diameters of 50, 100, 200, and 400 nm
were used to synthesize the nanowires (see Methods
and Supporting Information). Homogeneous forma-
tion of the nanowires over the entire membrane was
confirmed by scanning electron microscopy (SEM)
after the polycarbonate template was partially removed
(see Figure 1a; for detailed characterization of theses
nanowires, see Supporting Information, Figure S1a�d).
Pellets of the bulk sample, made by the same concen-
tration of chemicals and without taking the porous
membrane, were used to compare the photoconduc-
tion property of the nanowires. Electrical characteriza-
tion of these nanowires was done without removing

the insulating polycarbonate membrane which iso-
lates them from each other. A thin layer (10 nm) of
gold was deposited on both sides of these nanowire-
embedded membranes to make electrical contacts, as
shown in Figure 1b (see Supporting Information for
details). The low temperature photoconduction mea-
surement schematic is shown in Figure 1c. Before the
photoconduction measurement, we first studied the
low temperature electronic transport properties of
these samples. For nanowires up to 200 nm in dia-
meter, we observe a sharp switching transition, NDR,
and other features observed previously.24,25 Nanowires
synthesized using a 400 nm diameter membrane do
not show any switching transition and behave like the
bulk sample. Here we will present data of nanowires
synthesized using a 200 nm pore diameter membrane;
results of other diameter nanowires are discussed in
the Supporting Information.
Figure 1d shows dc I�V characteristics of a typical

nanowire synthesized using a 200 nm diameter mem-
brane; the switching transition takes place at VTh = 2.85 V
at 4.2 K in the dark. Below the switching transition,
the I�V characteristic is linear (Ohmic) at low bias, and
at high bias power-law behavior is observed (see
Supporting Information, Figure S2).24,25 In the pres-
ence of laser illumination the current increases rapidly

Figure 1. (a) Lowmagnification SEM image of the PPy nanowires synthesized using 200 nm pore diameter membrane (scale
bar 10 μm). A higher magnification image of the nanowires is shown in the inset (scale bar 500 nm). (b) Picture of 10 nm thick
2 mm diameter gold contact (shown in false yellow color, where the laser is focused, and connecting wire is attached in the
area shown in the blue rectangle) deposited PPy nanowire-embedded membrane. Schematic of cross-section of the device
and measurement configuration are shown in the left panel. Gold contacts were deposited on both sides of the nanowire
embedded membrane, thereby establishing a parallel connection with a large number (depends on the pore density of a
particular membrane) of nearly monodisperse nanowires. The insulating polycarbonate matrix isolates the nanowires from
each other. (c) Schematic view of the photoresponse measurement setup. (d) Current�voltage characteristics, measured at
4.2 K in the presence (solid circle) and absence (open square) of laser illumination. In the presence of illumination the current
increases and the switching threshold voltage decreases. Also, the I�V characteristics remain symmetric.
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both in the linear and nonlinear regions of the I�V

characteristics, while the values of VTh decrease. Re-
presentative data are shown in Figure 1d, where VTh
was reduced from 2.85 to 1.45 V in the presence of
1mW laser illumination. The I�V characteristics remain
symmetric for both positive and negative bias voltage,
and the hysteresis decreases under laser illumination
(Figure 1d). This observation excludes the possibility of
photocurrent generation as a result of Schöttky barrier
modulation by illumination.17�19 In our experiment the
nanowires are illuminated fromoneend (see Figure 1c),

so in a back-to-back Schöttky barrier configuration, the
barrier of the illuminated side will only bemodified (no
detectable transmission of light is observed through
the other end of the membrane containing nanowires
(length≈ 10 μm), even in the absence of gold coating),
and the I�V characteristics will be asymmetric result-
ing in different threshold voltages for positive and
negative bias.
I�V characteristics showing the switching transition

at 4.2 K at various laser powers (P) are plotted in
Figure 2a on a log�log scale, and the corresponding
variation of VTh as a function of P is shown in the inset.
Below the switching transition, the photocurrent (Iph)
increases rapidly (superlinearly) with increasing P, both
in the linear and nonlinear regions of the I�V char-
acteristics (see Supporting Information, Figure S3). In
the absence of laser illumination, VTh decreases with
increasing temperature (see Supporting Information,
Figure S4).24,25 We have found that above a certain
temperature (Tm) the switching behavior vanishes.
With increasing P, the system becomes less sensitive
to the temperature variation (see Supporting Informa-
tion, Figure S5). Figure 2b shows the variation of VTh
with temperature for various laser powers. It is clear
that in the absence of laser illumination, VTh decreases
rapidly with increasing temperature, but in the pre-
sence of illumination the threshold voltage shows
relatively weak temperature dependence. With in-
creasing P the switching behavior vanishes at relatively
low temperature, that is, Tm decreases and the depen-
dence is linear in P (Figure 2c). Above the switching
transition the effect of light on the I�V characteristics
reduces precipitously (see Supporting Information,
Figure S6).
The photoinduced relaxation characteristics, at var-

ious temperatures and laser intensities, have been
studied by switching the laser illumination on and off
andmeasuring the transient response. Figure 3a shows
the photoresponse of these nanowires, with 0.8 V bias
at 4.2 K, by switching a 4 mW laser illumination on and
off. The response shows good repeatability over sev-
eral on/off cycles. A similar response is observed in the
linear region of the I�V characteristics (see Supporting
Information, Figure S7). When the laser is switched
on or off, the photoresponse takes time to reach its
equilibrium value. The transient photocurrent, Iph(t),
shows an exponential time dependence, Iph(t)Rexp(�t/τ),
where τ denotes a characteristic relaxation time. The
value of τ ranges between 500 and 900 ms. Although
the photoresponse decreases rapidly with increasing
temperature (Figure 3b left panel), τ does not show
significant temperature dependence for a fixed laser
intensity. The photoresponse increases superlinearly
with increasing P (Figure 3b right panel). At P = 3.5 mW
and 0.85 V bias, the measured value of responsivity
(defined as photocurrent flowing through a sample
divided by incident optical power, Iph/P) was found to

Figure 2. (a) Current�voltage characteristics measured at
4.2 K for various laser powers. Inset: variation of threshold
voltage as a function of laser power. (b) Dependence of
threshold voltage on temperature and laser power. It is
clear that threshold voltage decreases with both increasing
temperature and/or laser power. At low laser power, VTh
shows strong temperature dependence, and at higher
power the dependence becomes weak. Above a certain
temperature (Tm) switching behavior vanishes as shown by
the shaded region. (c) Tm is plotted as a function of P
(symbol) with a linear fit (line).

A
RTIC

LE



RAHMAN AND SANYAL VOL. 7 ’ NO. 9 ’ 7894–7900 ’ 2013

www.acsnano.org

7897

be∼1.3 A/W andGext = 250% (see Supporting Informa-
tion, Figure S8 and S9). Gext increases with increasing P

both in the linear and nonlinear regions of the I�V

characteristics (Figure 3c).
For fixed illumination intensity, the photoresponse

initially decreases with increasing bias voltage and
after reaching a minimum at bias Vc (which decreases
with increasing P), it again increases (Figure 3d and
inset). These results suggest that the observed photo-
conduction cannot be explained by the formation of
excitons. Photoexcitons contribute to photoconductiv-
ity only when the bound electron hole pairs dissociate
to produce free electrons and holes with the aid of

either a large electric field15 or thermal energy,14 so the
photoresponse would become stronger with increas-
ing temperature and/or increasing bias. Our data also
excludes the contribution of hot carriers, for which the
photoconduction would increase with increasing
bias.27 The samples are placed in high vacuum
(<10�6 mbar) and the photoresponse is strong at low
temperature, sowecan safely exclude thephotodesorption
effect as a cause of the observed photoconduction.17,18

In disordered systems like bulk polymers, charge
transport generally takes place by phonon assisted
hopping from one localized state to another. In these
systems, photoconductivity depends on the availabil-
ity of the long-lived trap states.1,6 With increasing light
intensity, the photoconductive gain decreases due
to the saturation of the photoexcited trap states.28 In
our case Gext increases with increasing P both in the
linear and nonlinear regions of the I�V characteristics
(Figure 3c). Also, for hopping transport the number of
charge carriers injected into the sample increases with
increasing bias. In the presence of light with energy
less than the band gap, photoexcited charge carriers
from deeper trap states contribute to the hopping
transport. The bias affects the mobility in a density-
independent manner,29 so for fixed illumination inten-
sity the relative contribution of bias to the current
enhancement is reduced, and the photoresponse
should decrease with increasing bias.
To determine the nature of the photoconduction

and to rule out the bolometric effect as a possible
mechanism, we have done the following experiments.
The nanowires are illuminated by a laser power of
0.9 mW at 4.2 K, and the corresponding threshold voltage
is found to be 1.55 V. The same threshold voltage is
obtained in the absence of illumination when we
increase the temperature to 40 K (Figure 4a). Although
the threshold voltages are the same in both cases, the
current flowing through the nanowires at 40 K below
switching in the absence of illumination (Idark (40 K)) is
much larger than that in the presence of 0.9 mW
illumination at 4.2 K (I0.9 mW(4.2 K)). This result clearly
shows that the switching transition is not determined
by the amount of current flowing through the sample
and also rules out local heating as a cause of the
observed photoresponse. The samples are placed in
good thermal contact with the coldfinger of the cryo-
statwhich also prevents any bolometric contribution.16

We also did not observe any considerable change in
temperature of the nanowires (measured by placing a
sensor near the sample) under laser illumination. The
time constant for bolometric response is typically 1 to
100 ms,16 which is shorter than in our system. We have
shown earlier that the observed switching transition is
not of thermal origin.24,25 This experiment reconfirms
the nonthermal origin of the switching transition. To
find out what determines the switching threshold, we
measured capacitance near the switching transition by

Figure 3. (a) Photoresponse measured at 0.8 V bias under
periodic on and off (unshaded/shaded) 4mW laser illumina-
tion of 632.8 nm wavelength. (b) Temperature dependence
of the photoresponse in the presence of 4 mW illumination
(left panel). The right panel shows the photoresponse
(at 4.2 K) as a function of laser power. (c) External photocon-
ductive gain measured in the linear (open square) and
nonlinear (solid square) regions of the current�voltage
characteristics as a function of laser power. (d) Bias depen-
dence of the photoresponse is shown for various laser
powers. Inset: dependence of Vc on P (solid square). Solid
line represents a linear fit to the data.
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applying 100 millivolt peak-to-peak ac bias superim-
posed on 1.5 V dc bias. We found that, though the
current flowing through the nanowires near the
switching transition in the presence of 0.9 mW laser
illumination at 4.2 K and in dark at 40 K is markedly
different, the measured capacitances are nearly the
same (refer to inset of Figure 4a). The capacitance
remains negative in the low frequency regime and
becomes positive above a certain frequency.30 We
have found that, for the same dc resistance
(contribution from the mobile charge carriers) of the
sample in two different conditions, (a) at high tem-
perature in absence of illumination and (b) in presence
of laser illumination at low temperature, the capaci-
tance is different. Figure 4b shows I�V characteristics
measured in the dark at 20 K and in the presence of
0.8 mW laser illumination at 4.2 K; the value of VTh was
found to be 2.26 and 1.64 V, respectively. The laser
power was chosen in such a way that current flowing
through the sample for both cases became the same
over a certain range of bias voltage near the switching
transition. We have measured capacitance (using
100 millivolt peak-to-peak ac bias superimposed on
1.2 V dc bias) where the dc resistance of the sample in
the above two conditions were the same (inset of
Figure 4b). We found that the value of measured
capacitance is different and the difference increases

at low frequency. The magnitude of capacitance is
large when VTh is low (1.64 V). We have shown earlier
that as the bias voltage approaches toward VTh the
negative capacitance state appears and its magnitude
increases.30 The switching transition and observed
photoconduction cannot be explained by considering
filamentary conduction (see Supporting Information)
in these nanowires.

CONCLUSION

These results suggest that free carrier generation,
exciton creation, bolometric effect, or Schöttky barrier
modulation cannot explain the observed photore-
sponse. However, it can be explained by photoexcita-
tion of correlated charge carriers present in these
nanowires at low temperature.24,25,30 These correlated
carriers remained pinned by the impurities, and above
VTh start to slide, showing a switching transition. With
increasing carrier concentration (either thermally ex-
cited or photogenerated carriers) the pinning poten-
tial is screened and VTh decreases. Above a certain
temperature (Tm), the correlated state is destroyed
(melted) and the switching behavior vanishes. With
decreasing pinning strength the melting temperature
decreases.31,32 Our observation of decreasing Tm with
increasing P (Figure 2c) is also consistent with this
picture. The switching behavior vanishes above 80 K
(see Supporting Information, Figure S4) and the photo-
response also becomes vanishingly small above this
temperature (Figure 3b left panel), again suggesting
that correlated charge carriers are responsible for the
observed photoresponse. The bias dependence of the
photoresponse (Figure 3d) is also consistent with this
picture. However, the initial decrease of the photore-
sponse up to a certain bias can be accounted for by
normal carriers. With increasing bias, the contribution
from correlated carriers increases and above Vc it
dominates (even before the sliding motion starts)
and the photoresponse again increases. With increas-
ing P the relative strength of pinning diminishes, hence
correlated carriers start to dominate even at lower bias,
thus Vc decreases. The appearance of negative capaci-
tance is also related to the presence of pinned corre-
lated charges in these nanowires.30 Capacitances of
the samemagnitude having the same VTh but different
current values (inset of Figure 4a) suggest that capaci-
tance magnitude depends on the relative strength of
the impurity potential, while the low current for the
illuminated sample is due to the low kinetic energy
(low temperature) of the carriers. Above the threshold
(in the switched state), the photoresponse is very small.
This is probably because above VTh the sliding motion
starts, so the screening of the impurity potential by
photogenerated carriers does not have any further
considerable effect on the motion of the correlated
charge carriers. In conclusion, we have shown novel
photoresponse properties of polymer nanowires

Figure 4. (a) Current�voltage characteristics at 4.2 K in the
presence of 0.9 mW illumination (open triangle) and at 40 K
in the dark (solid circle). It is clear that though the current
flowing through the sample in these two conditions is
different, the threshold voltages are the same. Inset: Fre-
quency dependence of the capacitance (measured near the
switching transition). (b) Current�voltage characteristics at
20 K in the dark (solid circle) and at 4.2 K in the presence of
0.8 mW illumination (open triangle). Resistance of the
sample in these two conditions remains the same over a
range of bias near the switching transition. Inset: Frequency
dependence of the capacitance, measured (applying 100
millivolt peak-to-peak ac bias superimposed on 1.2 V dc
bias) where the dc resistance is the same for these two
conditions.
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which are absent in the bulk polymer. The origin of the
observed photoresponse is not bolometric or exci-
tonic, nor can be it explained by free carrier generation
or Schöttky barrier modulation. However, it is consis-
tent with the photoexcitation of correlated charge
carriers whose emergence in organic nanostructures
is of prime interest.

METHODS

Nanowire Synthesis. Polypyrrole nanowires of various
diameters were fabricated by a template�based syn-
thesis technique by a chemical route, taking Pyrrole as
a monomer and ferric chloride (FeCl3) as oxidizing
agent in a 1:5 ratio. All the samples were prepared
using 0.1 M HCl solution, and prior to the synthesis the
Pyrrole monomer was vacuum distilled. The polycar-
bonate membranes of various pore diameters (50, 100,
200, and 400 nm) were placed between the compart-
ments of a two-compartment glass cell; the monomer
is added in one cell and oxidizing agent (FeCl3) into
another cell. The polymerization reaction takes place
inside each pore, and polypyrrole nucleates at the pore
wall forming a tube. With increasing polymerization
time, the tube wall thickness increases and finally the
pores get completely filled up to form nanowires.

Photoconduction Measurements. For photoconduction
measurements, we deposited 10 nm thick and 2 mm
diameter circular gold pads on both sides of the
membrane containing nanowires (see Figure 1b). More
than 95% of the laser light, of 632.8 nm wavelength,
can penetrate through this gold layer. The samples
were illuminated by a He�Ne laser (Spectra Physics,
model 117A), having a maximum output power of
4.5 mW at 632.8 nm. The intensity was measured using
a calibrated photodetector (Newport, model 818-SL)
with the help of a dual channel power meter (Newport,
model 2832-C). Voltage biased measurements were
carried out in a two-probe configuration using a
Keithley 2400 source-measure unit (current compli-
ance set to 10 mA). Current biased measurements
were done by driving current using the Keithley 2400
source meter, and the voltage is measured using an
Agilent 34420A nanovoltmeter. Low temperaturemea-
surements were done in a Janis closed cycle refrigera-
tor operated between 4 and 300 K, and the samples
were illuminated through its optical window (see
Figure 1c). Before measurements, actual laser intensity
at the sample position wasmeasured, and it was found
that nearly 94% laser light penetrates through the
window (see Supporting Information, Figure S12).
Sample temperature was controlled using a 50 Ohm
heater installed near the sample holder and a Lake-
Shore 340 temperature controller and a Si-diode sen-
sor. During the measurements, the sample space was
kept in <10�6 mbar vacuum.
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