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ABSTRACT: By changing the morphology of a poly(3-
hexylthiophene) (P3HT) conductive polymer via self-
assembly from a planar thin film to a nanowire mesh
mesostructure, we demonstrate hybrid graphene−conductive
polymer photodetectors with an experimentally observed
600% improved photoresponsivity when compared to their
analogous hybrid photodetectors based on graphene and a
planar P3HT thin film of similar thickness. At least two
reasons stand behind such a dramatic increase in photo-
responsivity: (i) the polymer nanowire mesh architecture with
unit cell dimensions comparable to the wavelength of light, which produces light scattering and increased light absorption in the
polymer compared to the case of a planar polymer thin film of similar thickness, and (ii) the crystallization of P3HT molecules
within the nanowires reduces the density of charge trap states, which in turn provides improved charge transport and charge
transfer compared to a P3HT thin film.
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Atomically thin graphene is an intriguing low-dimensional
nanomaterial with unique electronic, mechanical, and

optical properties that enable strong light−matter interac-
tions.1−5 However, graphene’s extremely low absorptivity
(2.3%), a property inherent to its atomically thin thickness,
makes this material’s applicability in light-sensing devices
somehow shy.6−10 One alternative way to overcome this
problem is to combine graphene with strong light absorbers,
for example, with colloidal quantum dot (QD) semi-
conductors11−15 or with conductive polymers, materials widely
used in organic electronics, including photovoltaics, due to
their high absorption cross sections and their ability to be
bandgap engineered through chemical synthesis.16−18 Poly(3-
hexylthiophene) (P3HT) is one such example of a conductive
polymer that has been intensely investigated for the develop-
ment of low-cost, highly efficient organic solar cells.19−21

P3HT has been recently combined with graphene to develop
high gain photodetectors,16 with P3HT−graphene hybrid
photodetectors obtained by spin-casting the polymer as a
thin film (few tens of nm) on top of graphene. Regioregular
(or rr)-P3HT can be self-assembled in nanowires with high
aspect ratio and of tens of micrometers long, either by the
Whiskers method22 or by the mixed solvent method.23 These
nanowires already self-assemble in solution, with crystallization
being driven by strong π−π interactions happening perpen-
dicular to the polymer-conjugated backbone and by hydro-
phobic interactions involving the polymer side chains.24 The
resulting nanowires can therefore be drop- or spin-cast on
graphene to form a mesh-like self-assembled mesostructure
that can promote light scattering and reabsorption of light by

both the polymer and graphene,25−27 thus further improving
the efficiency of a hybrid single-layer graphene (SLG)−P3HT
photodetector. Following this rationale, herein we demonstrate
successful preparation of P3HT nanowire−graphene hybrid
photodetectors by the mixed solvent method and show that
such an approach can lead to a 600% improvement in
optoelectronic response (photoresponsivity) for the SLG−
P3HT nanowire mesh hybrid field effect transistor (FET)
when compared to the SLG−P3HT thin film hybrid FET of
similar thicknesses. We believe that two key factors contribute
to the observed dramatic enhancement: (i) the realization of
an optimal nanowire mesh-like mesostructure with unit cell
size on the order of the wavelength of light, which produces
efficient light scattering and increased light absorption by the
polymer and graphene, and (ii) the crystallization of P3HT
within the nanowires, which results in decreased charge
trapping and, as such, an improved charge transport and charge
transfer of the polymer with graphene in comparison to a
P3HT thin film.
A cartoon of the SLG−P3HT nanowire hybrid FET is

shown in Figure 1a, and an optical image of the pristine
graphene FET device is shown in Figure 1b. Confirmation of a
SLG was done by atomic force microscopy (AFM), which
measured a thickness of 0.52 ± 0.15 nm. This value is slightly
larger than the previously reported 0.33 nm28 and might reflect
the presence of (water) molecules trapped between graphene
and the SiO2/Si substrate. Further confirmation of the
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presence of a SLG was by Raman microspectroscopy (Figure
1d), which identified the characteristic G peak at 1603 cm−1

and the 2D band at 2690 cm−1, with the two bands featuring
an intensity ratio of 2.28−31

Using mechanically exfoliated monolayer graphene, we built
two types of hybrid FETs, an SLG−P3HT nanowire mesh
FET and an SLG−P3HT thin film FET, with the P3HT
nanowire mesh and the P3HT thin film of similar thicknesses
(∼11 nm) as measured by AFM (see Figure S1, Supporting
Information, SI). Figure 2a,b and d,e detail the transfer
characteristics and output characteristics for the SLG−P3HT
thin film FET and the SLG−P3HT nanowire FET,
respectively, and they also include similar data for the pristine
(graphene-only) FETs from which hybrid FETs were made.
For all four FETs the transfer characteristics of drain current vs

gate voltage (IDS vs VG) (Figure 2a,d) were measured for a
drain−source voltage VDS = 0.3 V, and the output character-
istics of drain current vs drain−source voltage (IDS vs VDS)
(Figure 2b,e) were measured for a gate voltage VG = 30 V and
under various light illumination powers.
Pristine FETs show ambipolar transport (Figure 2a,d, black

curves), which originates from the zero-bandgap nature of
graphene.32,33 They feature Dirac points (VD) located at
positive values, around 5 and 6 V, respectively, indicating the
intrinsic p-type doping of monolayer graphene.34 Addition of
P3HT polymer to an SLG FET decreases the value of VD due
to the hole transfer happening from monolayer graphene to the
P3HT polymer (Figure 2a,d, red curves recorded under dark
conditions).18,35 The Dirac point decreases to VD = −15 V for
an SLG−P3HT thin film FET (Figure 2a, red curve recorded
under dark conditions), a change of ΔVD = −20 V, and to VD =
−16 V for an SLG−P3HT nanowire FET (Figure 2d, red curve
recorded under dark conditions), a change of ΔVD = −22 V.
The repeatability of our study is further proved by the
measurements based on multiple devices (Figure S2, SI).
These changes in the Dirac point of graphene with added
P3HT suggest that graphene has a lower Fermi level than
P3HT and that the energy difference between graphene and
P3HT helps holes to be transferred from graphene to P3HT to
create a built-in field to equilibrate the Fermi level (see left
scheme in Figure 2c, dark conditions). This is consistent with
previous reports on the Fermi level for graphene, EF = −4.6
eV,34 and on the HOMO and LUMO values for P3HT, EHOMO
= −4.9 eV and ELUMO = −3.0 eV, respectively.36 This type of
alignment favors the transfer of photogenerated holes from the
p-type P3HT to monolayer graphene (see right scheme in
Figure 2c, illumination conditions). Under white light
illumination, both hybrid FETs change their Dirac points
toward increased positive voltage (Figure 2a,d, blue curves
with light vs red curves in the dark), presumably because
photogenerated holes are being transferred from P3HT to
graphene by the built-in field. Consequently, residual electrons

Figure 1. (a) Cartoon of the SLG−P3HT nanowire hybrid FET
showing the nanowire mesh (red color) responsible for light
scattering and increased light absorption in the polymer, leading to
increase hybrid FET photoresponsivity. (b) Optical reflection image
of a pristine graphene FET. (c) Graphene thickness estimated by
AFM. (d) Raman microspectroscopy of exfoliated graphene on the
Si/SiO2 substrate.

Figure 2. (a and d) Drain current vs gate voltage curves, IDS vs VG, recorded at VDS = 0.3 V for pristine and hybrid FETs. (b and e) Drain current vs
drain voltage curves, IDS vs VDS, recorded at VG = 30 V for pristine and hybrid FETs. (a) and (b) are for pristine SLG and SLG−P3HT thin film
hybrid FETs; (d) and (e) are for pristine SLG and SLG−P3HT nanowire hybrid FETs. (c) Energy band diagram at the SLG−P3HT interface
under dark and under illumination conditions.
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left in P3HT generate a top gate voltage, which in turn
modifies the carrier concentration and the conductivity of
graphene.12,16,18 When the hybrid FET is operated in the
electron conduction region (VG > VD), the photogenerated
holes transferred from P3HT to graphene will compensate the
gate-induced free electrons and the residual electrons, thus
decreasing the drain current (Figure 2c, upper scheme).
Conversely, when the hybrid FET is operated in the hole
conduction region (VG < VD), the photogenerated holes
transferred from P3HT to graphene will enhance the hole
concentration in graphene, increasing the drain current (Figure
2c, lower scheme).
We next examined the output characteristics of hybrid FETs

vs polymer film morphology (thin film vs nanowire mesh)
under white light illumination (Figure 2b,e), where we
observed small changes in the IDS vs VDS curves with applied
illumination power for both hybrid and pristine FETS. For
hybrid FETs vs pristine FETs we observed a decrease in the IDS
vs VDS characteristic with increased illumination power (Figure
2(b,e) and insets), which we believe is due to a compensation
between photogenerated holes transferred from P3HT onto
graphene and the gate-induced free and residual electrons. We
also observed an increase in photoresponse from pristine to
hybrid FETs (Figure 2b,e). Thus, adding a P3HT polymer on
top of graphene, whether thin film or nanowire mesh, leads to
hole doping and increased charge carrier density in graphene.
We also investigated the transport in a P3HT-only FET, thin
film, and nanowire mesh and observed by far lower drain
currents (105× lower) compared to those observed for hybrid
FETs (Figure S3, SI).
To better distinguish the effect of P3HT polymer film

morphology on the performance of SLG−P3HT hybrid FETs,
we monitored the ratio of the drain current change,

α = = ×Δ −
(%) 100%I

I

I I

IG

G

G

DS

DS( )

DS(hybrid) DS( )

DS( )
, vs applied VDS vs

illumination power, with IDS(hybrid) and IDS(G) being the drain
currents measured from hybrid FETs and pristine FETs,
respectively. For the two types of hybrid FETs, we monitored
α(%) vs applied VDS for a VG = 30 V and under an illumination
power of 0.16 mW (Figure 3a) and α(%) vs applied

illumination power for VDS = 0.3 V and VG = 30 V (Figure
3b). We mention that both P3HT thin film and P3HT
nanowires were spin-casted from solutions of 1 mg/mL
polymer concentration at a speed of 2000 rpm, a procedure
leading to similar thicknesses, as demonstrated by AFM (see
SI, Figure S1). As shown in Figure 3a, the P3HT thin film
increases the drain current about 48% (Figure 3a, black dots),
while the P3HT nanowire mesh increases the drain current

about 55−73% (Figure 3a, red dots). This reflects a 1.1−1.5×
increase in drain current from a P3HT thin film to a P3HT
nanowire mesh (depending on the applied VDS; see Figure 3a,
αNW/αfilm, blue dots). Similarly, experiments with varying
illumination power (Figure 3b) showed increased drain current
for both hybrid FETs when compared to pristine FETs, on
average 45% for the thin film FET and 52% for the P3HT
nanowires, thus reflecting an average 1.15× larger drain current
in the case of P3HT nanowires. We also noticed that the
photocurrents from the two hybrid FETs change their sign at
similar gate voltage (Figure S4, SI), indicating that our
comparison of the performance of the two hybrid FETs is
performed in similar responsivity regions. Thus, by changing
the morphology of the deposited P3HT polymer one can
achieve an improvement in the optoelectronic performance of
the hybrid FET.
We observed a dramatic improvement (up to 300%) in the

spectral responsivity of the SLG−P3HT nanowire mesh hybrid
FET vs the SLG−P3HT thin film hybrid FET and over 3000%
vs the pristine (graphene) FETs (Figure 4a and inset). The

photoresponsivity was estimated as R = Iph/Plight, with Iph being
photocurrent and Plight being incident light intensity.37−40 We
also tested the response of the hybrid FETs against on/off
illumination and compared the results with those obtained
from pristine FETs devices (Figure 4b). We observed similar
outperformance of the hybrid SLG−P3HT nanowire FET vs
hybrid SLG−P3HT thin film FET (5.3 nA vs 2.3 nA for
nanowire vs thin film, e.g., >230% signal increase) and vs
pristine FET (5.3 nA vs 0.4 nA, >1300% signal increase), while
a clear change was not observed in the response times with on/
off illumination with the addition of P3HT (τrise(Graphene) ≈ 828
± 216 ms vs τrise(Graphene+P3HT nanowire) ≈ 296 ± 38 ms vs
τrise(Graphene+P3HT thin film) ≈ 305 ± 37 ms).
The formation of P3HT nanowires is a consequence of

strong interchain π−π stacking driven by the mixed solvent.24

This strong π−π stacking can lead to the enhancement of both
charge transport and light harvesting, which in turn can
increase the drain current in the SLG−P3HT nanowire mesh
hybrid FET.41−45 Two hypotheses can be proposed in order to
explain the observed enhancement in the hybrid FET’s
photoresponse following a change in polymer morphology
from thin film to nanowire mesh: (i) scattering of incident light
by the nanowire mesh mesostructure, leading to reabsorption of
light by the polymer and graphene. Nanowires can increase the
polymer−light interaction path length and interaction dwell
time following multiple scattering events when compared to
the case of a thin film.46 Furthermore, previous reports show

Figure 3. Comparison of drain current change from a P3HT thin film
and a P3HT nanowire as a function of (a) bias voltage at VG = 30 V
under an illumination power of 0.16 mW and (b) illumination power
at VDS = 0.3 V and VG = 30 V.

Figure 4. (a) Photoresponsivity spectra from different FET devices
under zero bias and VG = −40 V. (b) Transit measurements at zero
bias and VG = −40 V by switching the lamp on and off at specific
times.

ACS Photonics Article

DOI: 10.1021/acsphotonics.8b00420
ACS Photonics 2018, 5, 4296−4302

4298

http://pubs.acs.org/doi/suppl/10.1021/acsphotonics.8b00420/suppl_file/ph8b00420_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsphotonics.8b00420/suppl_file/ph8b00420_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsphotonics.8b00420/suppl_file/ph8b00420_si_001.pdf
http://dx.doi.org/10.1021/acsphotonics.8b00420


that P3HT nanowires can increase the out-of-plane and in-
plane extinction coefficients (k⊥ and k∥) in the transversal- and
longitudinal-polarized incidences, enhancing the absorption of
P3HT.47,48 The second hypothesis is (ii) an enhancement in the
electric conductivity of the polymer as a result of self-assembly in
nanowires. The drain current in the hybrid FET depends on
carrier density and mobility, and it can be expressed as I =
nqμE, with n being carrier density, q unit charge, μ mobility,
and E electric field. Transferred holes from P3HT to graphene
will change the carrier density n, thus contributing to the drain
current, and this is observed for both types of hybrid FETs
(Figure 2b,e). An improvement in crystallization of P3HT
reduces the traps in P3HT, which increases the mobility in
P3HT to help more holes move to the interface between
P3HT and graphene, resulting in more holes transferring to
graphene.49,50 This changes the carrier density and the drain
current correspondingly. Below we discuss experimental facts
in support of both hypotheses.
Figure 5a shows normalized absorption spectra (to volume

unit of polymer sample) for a P3HT thin film and a P3HT
nanowire mesh of similar thickness, with the absorption of the
P3HT nanowire mesh mesostructure being 20× stronger
compared to that of the P3HT thin film. We mention that both
samples accounting for Figure 5a were obtained by spin-casting
solutions of 1 mg/mL polymer concentration, leading to
similar film thickness (Figure S1, SI). From the AFM image in
Figure S5, SI, we estimated the number of nanowires per area
unit and calculated the amount of polymer per volume unit to
find this amount to be 12× smaller compared to a thin film
sample of similar area size and film thickness (see the SI for
detailed explanation of calculations). These observations
strongly suggest that the nanowire mesh mesostructured
architecture induces light scattering and reabsorption of light
onto the polymer and graphene compared to a plain thin film,
and this in turn enhances the drain current in the SLG−P3HT
nanowire mesh hybrid FET compared to the thin film based

hybrid FET. To further confirm this hypothesis, we fabricated
a set of SLG−P3HT nanowire mesh hybrid FETs using
solutions of P3HT of various concentrations, 0.5 mg/mL
(Figure 5b, left), 1.0 mg/mL (Figure 5b, middle), and 2.5 mg/
mL (Figure 5b, right). As such, we achieved different
thicknesses and nanowire densities for the mesh mesostruc-
tures composing the hybrid FET. From the AFM images in
Figure 5b we learned that, by increasing the polymer
concentration, we increased the nanowire density toward a
continuous film at high concentration (2.5 mg/mL). For the
P3HT nanowire mesh, light scattering and light reabsorption
should reach a maximum when voids between different
nanowires are on the order of the wavelength of light. This
seems to be the case of the nanowire mesh formed from the
0.5 mg/mL polymer solution (Figure 5b, left, ∼400 nm voids).
Nanowires formed from 1.0 and 2.5 mg/mL P3HT solutions
were more crowded, with voids around and below 200 nm,
respectively. The absorption spectra of the P3HT nanowire
mesh mesostructures of varying polymer concentration (0.5,
1.0, and 2.5 mg/mL) are presented in Figure 5d, and they are

normalized to their respective unit volume, e.g., γ =
v

Abs , with v

being a parameter representing the nanowire volume of the
unit area. The peak intensity of these absorption spectra
decreases with increased nanowire density (increased polymer
concentration), an observation that again confirms that light
scattering and light reabsorption decrease in samples with
increased nanowire density, e.g., with thicker nanowire mesh
samples. Further spetroscopic evidence of this claimed effect is
provided by the photoluminescence (PL) spectra of the
nanowire mesh mesostructures (Figure S6, SI). For these PL
spectra, the ratio of the low- and high-energy regions is an
indication of the light rescattered and reabsorbed by the film,
and this ratio decreases with increased nanowire mesh density,
e.g., increased polymer concentration. We followed the
implication of polymer morphology on the hybrid FET
performance. We compared the effect of scattering and

Figure 5. (a) Absorption spectra (normalized to volume unit, v) of a P3HT thin film and P3HT nanowire mesh of similar (11 nm) thickness, each
spin-casted from a 1 mg/mL polymer solution. (b) AFM images of P3HT nanowire mesh samples spin-casted from solutions of 0.5 mg/mL (left),
1.0 mg/mL (middle), and 2.5 mg/mL (right) polymer concentration. Scale bar in images is 1 μm. (c) Drain current change, β = α

v
, vs VDS, with

drain current change values normalized to the nanowire unit volume, v, for P3HT nanowires mesh spin-casted from solutions of different polymer
concentrations. (d) Absorption spectra (normalized to volume unit, v) of P3HT nanowire mesh samples spin-casted from solutions of different
polymer concentrations. (e) Photoresponsivity spectra from pristine graphene FETs and hybrid SLG−P3HT nanowire mesh FETs spin-casted
from solutions of different polymer concentrations. Spectra were recorded at zero bias and at VG = −40 V.
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reabsorption in the three SLG−P3HT nanowire mesh hybrid
FETs by normalizing the ratio of the drain current change,
αNW, to the unit volume of the P3HT nanowire mesh, v, thus
obtaining β = α

v
. Figure 5c shows the β vs VDS dependency

decreasing with increased polymer concentration in the
nanowire mesh samples, thus reconfirming the trend observed
in the absorption spectra from Figure 5d.
When comparing the photoresistivity data for SLG−P3HT

nanowire FETs of similar nanowire mesh thickness, but of
different nanowire density, e.g., nanowire meshes formed from
polymer solutions of 0.5 and 1 mg/mL (Figure 5e), the
graphene nanowire mesh hybrid FET made out of a 0.5 mg/
mL polymer solution shows a photoresponsivity of around
6000 A/W, or 2× larger than that made out of a 1 mg/mL
polymer solution. As such, we can claim that the
experimentally observed photoresponsivity improvement
following a change in polymer morphology from thin film to
nanowire mesh reaches a value of 600%.
We performed X-ray scattering experiments to investigate

the crystallinity of the P3HT thin film and of the P3HT
nanowire mesh samples. The X-ray diffraction profiles of
P3HT thin films and nanowire mesh made from 1 mg/mL
polymer concentration and of similar thickness are shown in
Figure 6a. The P3HT thin film exhibits a weak and broad peak

corresponding to the (1 0 0) plane at 2θ ≈ 5°, while the P3HT
nanowire shows a stronger and much sharper peak at (1 0 0)
plane at 2θ ≈ 5.4°. For P3HT nanowires, there are two
additional peaks corresponding to the (2 0 0) plane at 2θ ≈
10.9° and the (3 0 0) plane at 2θ ≈ 16.7°. Thus, the X-ray data
strongly suggest enhanced packing of the alkyl side chain and
enhanced crystallinity of P3HT in the nanowire vs thin film.
While the diffraction peaks corresponding to P3HT lamellae
are clearly visible, the peak corresponding to π−π stacking, the
(0 2 0) plane, expected at 2θ ≈ 23° cannot be discerned.
Absence of this peak might be indicative of strong orientation
of the crystalline domains with respect to the substrate surface.
The scans presented in Figure 6a were performed out of the
sample plane, and they will only show crystalline planes
oriented parallel to the substrate surface. The difference in
crystallinity between P3HT thin films and P3HT nanowires of
similar thickness is further demonstrated by grazing-incidence
small-angle X-ray scattering (GISAXS) measurements (Figure
S7 in the SI). There are clear diffraction patterns for P3HT (1
0 0) in the qz axis for nanowires, while no such patterns are
seen for P3HT thin films. Additionally, only strong diffraction

spots are observed along the qz direction from P3HT
nanowires; these results show that crystalline domains are
highly oriented in the nanowire mesh samples with lamellae
planes parallel to the surface and with the π−π stacking
direction along the surface. Additionally, GISAXS of P3HT
thin films and P3HT nanowires deposited on graphene also
show similar patterns (Figure S8 in the SI), indicating that
graphene does not change the crystallization of P3HT. This
crystalline orientation is typically referred to in the literature as
edge-on orientation.49 In contrast, for the thin films, not only is
crystallinity almost absent, but also the alignment of crystallite
domains is much weaker compared to nanowire meshes.
Generally, grain boundaries between disordered chains,
residual doping, and other structures or chemical traps can
introduce localized trap states in conductive polymers,
including P3HT.51,52 The enhanced crystallization of P3HT
observed by X-ray in the case of nanowires can be responsible
for the reduced density of trap states. This in turn may lead to
enhanced charge mobility in the nanowire vs thin film and, as a
result, to improved optoelectronic performance in SLG−P3HT
nanowire mesh hybrid FETs.51,53−55 In Figure 6b we also
compared the volume-normalized X-ray diffraction profiles of
three P3HT nanowire mesh samples of different polymer
concentrations (Figure S9 in the SI), 0.5, 1, and 2.5 mg/mL, to
highlight that the intensity of the peak (1 0 0) decreases with
increased concentration of the nanowire mesh, thus indicating
that the crystallization decreases in the thicker nanowire mesh
mesostructures. This is consistent with the phenomenon that
fewer nanowires are formed in the thicker nanowire mesh
mesostructures, as shown in Figure 5b.
In summary, we demonstrated a simple and straightforward

method to dramatically improve the optoelectronic properties
of hybrid graphene−conductive polymer FETs. We demon-
strated hybrid SLG−P3HT nanowire photodetectors with
600% experimentally observed improvement in spectral
photoresponsivity over analogous hybrid devices based on
P3HT thin films of similar thickness. We reasoned that (i)
improved charge transfer from increased crystallinity and (ii)
enhanced light scattering and light reabsorption in the
nanowire mesh mesostructure over the thin film are the two
main factors accounting for the observed dramatic optoelec-
tronic enhancement.

■ MATERIALS AND METHODS
Device fabrication, mixed solvent deposition and self-assembly
process, electronic and optical measurements, AFM thickness
measurements, and GISAXS measurements are detailed in the
SI.
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