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hexylthiophene-2,5-diyl) – light-modulation,
injection and transportation†

Haixia Xuan, Xi Chen, Yinghui Wu, Kena Song, Yuenan Li and Ruchuan Liu*

The impact of the nanostructures of conjugated polymers on their electronic properties is significant. We

notice that poly(3-hexylthiophene-2,5-diyl) (P3HT) can form nano-islands and nano-fibrils, and both of

them show an similar single-layer thickness (�1.5–1.6 nm) as evaluated by atomic force microscopy

(AFM). The Raman spectra indicate the highest degree of chain planarity and crystallinity in the nano-

islands. By using scanning Kelvin probe microscopy (SKPM) and electrostatic force microscopy (EFM), we

image the surface potential at the nanometer scale and quantitatively estimate the charges on these

nanostructures as modulated by light. Both results are consistent with each other: the surface potential

increases on switching on the light, and the photo-induced charges are around 15–25% and positive. A

similar amount of the photo-induced charges in both P3HT islands and fibril is consistent with the p–p

stacking nature of these nanostructures. As P3HT is a hole-conducting molecule, positive charges are

found easily injected into a single island by a positively biased EFM tip, and then the injected charges are

able to propagate all over the island.
1. Introduction

p-Conjugated materials have been the focus of recent research
due to their potential application in cost-efficient, solution-
processable, and exible electronic and optoelectronic
devices, such as eld effect transistors and solar cells.1–4 As
a conjugated polymer, poly(3-hexylthiophene-2,5-diyl) (P3HT),
which consists of a rather rigid backbone with pendant alkyl
side chains, is an interesting conjugated system characterized
by hierarchical order at three main length scales, and has
gained increasing interest as active layers in numerous organic
electronic devices.5–7 The structure of P3HT, the intrinsic crys-
tallization mode, and the behaviors of this class of conjugated
polymers have been extensively studied.7–9 X-ray diffraction
(XRD) analysis10,11 and grazing-incidence X-ray diffraction have
been used to analyze the P3HT crystal structure and then to
identify the edge-on side chains and desirable parallel orien-
tation of p–p stacking planes of P3HT with respect to solid
substrates.12–20 Recently, free-standing P3HT thin lms con-
sisting of H- (side-by-side orientations) and J-aggregated (head-
to-tail orientations) nanowires were prepared by the vacuum
ltration method separately, and a shorter interchain stacking
distance was found in J-aggregates than in H-aggregates.21,22 In
, Chongqing 401331, P. R. China. E-mail:
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the model developed by Spano, H- and J-aggregation can be
identied based on the absorption intensity ratio of A0–0/A0–1.23,24

J-Aggregates exhibits a ratio of A0–0/A0–1 slightly larger than 1,
while the ratio for traditional H-aggregates is typically between
0.5–0.8. UV-Vis absorption, uorescence emission, and Raman
spectra have been used to characterize the polymer and
demonstrated that P3HT chains possess long-range intrachain
order (planarity) that suppressed interchain exciton coupling,
and p–p stacked P3HT chains can show behaviors of both H-
and J-aggregates. This opens up new possibilities for control-
ling electronic coupling through noncovalent stacking
interactions.18

Synthesis and characterization of one-dimensional (1D)
nanobers based on P3HT have been reported.25 Their unique
properties, such as high aspect ratios and chemical and
mechanical stability, made them candidates for high perfor-
mance components for future organic devices.26–28 Ren et al.
used nanowires of P3HT combined with quantum dots to
change the power conversion efficiency of the photovoltaic
application29 and Guo et al. investigated the electrochemical
properties of polymer with quantum dots.30 In addition, the
electrical properties of nanostructures are essential for their
applications as electrical switching and electrochromic
devices,31 while the magnetoresistance effect has also been
found in other organic/carbon-based nanocomposites.32,33

Nevertheless, the understanding of the nanostructure of the
brils and their charge capability as well as the light modula-
tion of charges inside is still in urgent need.
RSC Adv., 2016, 6, 15577–15584 | 15577
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In this article, we studied the optical and electrical proper-
ties of P3HT-based nano-structures. In the self-assembled
brils of P3HT and the nano particle-assisted assembly of
P3HT nano-islands, the characteristic single-layer thickness
were revealed by atomic force microscopy (AFM), and the
molecular arrangement of these nanostructures was then
studied by Raman spectra in a similar way as reported.34,35 As
expected to vary among these nano structures, their optoelec-
tronic and charge transportation property were investigated by
scanning Kelvin probe microscopy (SKPM) and electrostatic
force microscopy (EFM). While the layered structure was found
in the nano-islands of P3HT, the EFM results indicated that
both the nano-islands and brils of P3HT were capable to store
charges. However, only the crystalline islands were found to be
able to delocalize injected holes among their layers, indicating
the better intermolecular p–p stacking. The results provide
detail information of the charges distribution of various P3HT
nano-structures while switching light on/off, which is important
for the solar cell application, and then the results demonstrate
a new approach in studying solar cell materials.

2. Experimental methods
P3HT islands preparation

Before experiment indium-tin oxide (ITO) (8 U sq.�1), glass slide
and silicon wafer (Si/SiO2) were cleaned by deionized water,
acetone and ethanol absolute for 20 min each. Aer cleaning,
all substrates were rinsed by deionized water and dried with
clean air. Poly(3-hexylthiophene-2,5-diyl) (P3HT) (PDI# 2,Mw¼
(15 000–45 000) g mol�1, Sigma Aldrich Chemical Co.) was
dissolved in chlorobenzene (Aladdin Inc.) with stirring
(7 mgml�1) for an hour at 90 �C, then the solution was cooled to
room temperature by water bath, the prepared solution was
then kept in dark. CdS/CdSe powders (Aladdin Inc.) were further
grinded by a Fritsch planetary ball milling machine (Pulveri-
sette 7) with agate balls, at 200 rpm for 2 hours. The grinded
nanoparticles were suspended in chlorobenzene at a concen-
tration of 30 mg ml�1, then centrifuged 3000 rpm for 20 s,
and the supernatant was mixed with the P3HT solution at
a volume ratio of 1 : 1. The mixed solutions were spin coated
onto ITO and Si/SiO2 substrates at a speed of 2000 rpm to form
nano-islands.

P3HT nanobrils preparation

Nano brils of P3HT were prepared similar as reported.36 The
P3HT solution in chlorobenzene (7 mg ml�1) at 90 �C was
cooled to room temperature at a rate of 10 �C h�1 in a water
bath, and then mixed with ethanol (99.8%) at a 95 : 5 volume
ratio for 30 min before spin-coating. Finally, the solution was
spin coated onto cleaned glass slides at a speed of 3000 rpm to
form nano-brils.

UV-Vis and Raman characterization

A UV-3600 spectrophotometer (Shimadzu, Japan) was used for
the absorption spectra in the range of 380–760 nm. Raman
spectra were recorded by a commercial Micro Raman
15578 | RSC Adv., 2016, 6, 15577–15584
spectrometer (Horiba), using an excitation laser beam with
a wavelength of 532 nm (�0.05 mW) and a beam diameter of
�2 mm, and an acquisition time of 30 s.
AFM, SKPM and EFM

Both SKPM and EFM were implemented on an AFM platform
(MFP-3D, Asylum Research). SKPM was used to determine the
difference in the surface potential between the conducting
probe (Multi75E-G, Budget sensor) and the sample. The Pt/Cr
coated silicon tip had an oscillation frequency f0 z 60 kHz,
spring constant of 1–5 N m�1 (usually �2.8 N m�1), and
a quality factor Q of �186. SKPM measurements were carried
out in the two-pass manner. The rst pass was used to deter-
mine the topography of the surface, and was done exactly like
a standard AC mode scan line in AFM. The second pass was
done by retracing the topography plus an additional z distance
of 50 nm, while an AC voltage at a frequency of 60–65 kHz and
a tunable DC voltage were applied between the tip and the
substrate. The DC voltage was adjusted at each point to cancel
the force at the AC frequency, and accordingly the value was
recorded as the potential difference.

EFM measurements were also conducted in a similar two-
pass manner, but different from SKPM only in the second
pass. During the second pass, the tip was maintained in the
electrostatic force region, oscillated at its resonance frequency,
and biased by applying a DC voltage (VEFM) without the AC
voltage as in SKPM. The electric eld created a force gradient
between the tip and the sample that caused a shi in the
resonance frequency of the cantilever. The shi in resonance in
turn caused a shi in the phase lag between the drive and
response of the cantilever. Finally, the phase shi due to the
electrostatic force at different voltage was measured.

The whole AFM system is integrated on top of an optical
microscope (IX71, Olympus), so the sample can be easily illu-
minated through a 40� objective in the measurements. A
sapphire laser (Coherent, SAPPHIRE 488-120 FP) with a wave-
length of 488 nm was used for light excitation, and laser
intensity on the samples is �0.2 W cm�2.

All the experiments were conducted in similar conditions
such as ambient environment and room temperature.
3. Results and discussion
The similarity and dissimilarity between P3HT nano-islands
and brils

Fig. 1 shows the characterizations of P3HT spin-coating
samples, and the nano-brils, lms and islands, can be
clearly identied from the AFM images (Fig. 1a–d). While simply
spin-coating of P3HT solution results in a at lm as shown
Fig. 1b, using the same protocol as Sun et al. reported,36 the
spin-coated P3HT can self-assemble into nano brils as shown
in Fig. 1a. Though the heights of the brils are not very uniform,
they are more or less around 1.6 nm as indicated by a line scan
across brils (blue line in Fig. 1a). More specic, statistical
analysis of brils gives a value of 1.6 � 0.1 nm in height (insert
of Fig. 1a). It has been shown that in the well p–p stacking
This journal is © The Royal Society of Chemistry 2016

http://dx.doi.org/10.1039/c5ra27711f


Fig. 1 Topography, Raman spectra and UV-visible absorption spectra of the P3HT islands and P3HT nano-fibrils: (a) the topography of P3HT
nano-fibrils and the histogram of the height (insert), with an average of 1.6� 0.1 nm; (b) the topography of a pure P3HT film without nano-island
or nano-fibrils, with the RMS of 1.2 nm; and the topography of P3HT films shows nano-islands when mixed with (c) CdS and (d) CdSe nano-
particles, respectively. The insert in (c) is the histogram of the height of all the nano-islands, and it is clearly that there are 4 Gauss peaks and the
peak heights are 1.5 � 0.1 nm, 3.0 � 0.1 nm, 4.4 � 0.1 nm, 5.9 � 0.2 nm, respectively; (e) Raman spectra of different P3HT nanostructures and
illustration of C–C/C]C intensity ratios; (f) UV-Vis absorption spectra of thin films of CdS, pure P3HT, and P3HT:CdS.
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of P3HT crystal-like structures, the crystal plane spacing of
�1.6 nm in the direction of the side chains and the inter-chain
p–p stacking distance of �0.38 nm are expected13,19,37 and both
numbers are also the size of single molecules. Thus, gradually
cooling of the well dissolved P3HT to room temperature helps
the self-assembly of P3HT brils, which are likely in an ordered
molecular arrangement. In addition, a dramatic color change
from bright orange to dark browning-purple is found during the
cooling of the P3HT solution38 before spin-coating also implies
inter-chain p–p coupling, which changes the absorption of
molecules.

P3HT nano-islands (Fig. 1c and d) were formed by spin-
coating the mixed solution of P3HT with CdS or CdSe nano-
particles. The size of CdS nanoparticles is �1.5 � 0.1 nm (ESI
Fig. S1†), so most nanoparticles are buried in the polymer lms
and absent in the AFM images. These islands are layered
This journal is © The Royal Society of Chemistry 2016
structures. In Fig. 1c, two layers can be seen and the line prole
(blue line) show two staircases, one at a height of �1.7 nm and
the other �3.3 nm. The histogram of the heights of all islands
shows four peaks, and can be well tted by four Gaussian peaks
at 1.5 � 0.1 nm, 3.0 � 0.1 nm, 4.4 � 0.1 nm, and 5.9 � 0.2 nm,
respectively. These peak values are all the multiples of�1.5 nm,
which is very close to the height of the brils found in Fig. 1a.
This indicates that in the islands, each layer is likely amolecular
layer of p–p stacking P3HT. Here, the nanoparticles play
a positive role in formation of these P3HT nano-islands, as
indicated by some of these islands are coupled with CdS/CdSe
nanoparticles (ESI Fig. S2†).

In order to verify their molecular architectures, Raman
scattering has been used, because p–p stacking of P3HT chains
may change the vibrations in the conjugated system as a results
of the coupling. Fig. 1e shows the Raman spectra of
RSC Adv., 2016, 6, 15577–15584 | 15579
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corresponding samples. The two major Raman peaks around
1380 and 1450 cm�1 are usually described as intra-ring C–C
and C]C symmetric backbone stretches, respectively. The C–C/
C]C intensity ratio is sensitive to the degree of chain planarity
and conjugation lengths of P3HT crystallinity.34,39 Our Raman
results (Fig. 1e) show that the ratios of IC–C to IC]C are 0.227 �
0.004, 0.200 � 0.008, and 0.217 � 0.007 for nano-island, brils
and no feature lm, respectively. The higher ratio for nano-
island indicates the well parallel ordered p–p stacking of
P3HT molecules, as suggested by Gao et al.34 However, though
AFMmorphology shows similar height of brils and one layer of
the islands, the ratio in Raman spectra for brils is smaller than
for normal lms. This indicates a different way of molecular
stacking, e.g. instead of parallel, twisting of the p units along
the brils.
Surface potential of the nanostructures in response to laser
excitation

The previous studies on the P3HT-b-P3MT nanobers revealed
that HOMO energy of aggregates could be further tuned by
varying polymer chain order in formed nanostructures.40,41 The
structural analysis of the nano-islands and brils by AFM
imaging and Raman spectra indicates various molecular
arrangements in these nano structures, so the variations in
their electronic energy levels are expected. As a powerful deriv-
ative of AFM, SKPM is capable of to measure the surface
potential (SP) of samples at the nanometer scale, which is
closely related to the charge distribution.42 Especially, it can
quantitatively evaluate the potential difference between
samples and substrates. Fig. 2 shows the typical morphology
and SP images of P3HT nano-islands and brils, along with the
histograms of surface potential as modulated by the excitation
light (488 nm laser line), and more SP images can be found in
Fig. 2 Comparison between the P3HT islands and nanofibrils on the su
islands; SKPM images of P3HT islands with light (b) off and (c) on; (d) the h
7.1 mV) and on (28.8 � 8.7 mV); (e) topography of P3HT nanofibrils; S
histograms of the surface potential of P3HT nanofibrils with light off (1.
indicate the scale that colors represent.

15580 | RSC Adv., 2016, 6, 15577–15584
ESI.† In these SKPM images, higher (positive) SP values are
observed for nano-islands than the surrounding substrates,
while the relative SP of brils is only a couple of millivolts
higher. The positive SP values is consistent with the p-type
nature of P3HT as an organic semiconductor. Taking the
substrates as the reference, we can quantitatively compare the
relative SP between P3HT samples, and their changes upon
light excitation as well. For nano-islands, the relative SP
changes from 24.3 � 7.1 mV in dark to 28.8 � 8.6 mV under
illumination (Fig. 2d), while for brils, the increment in the
value is even less, from 1.71 � 0.57 mV (in dark) to 3.30 �
0.81 mV (light on). Nevertheless, the increments in SP under
illumination again indicate the p-type nature of P3HT and the
creation of more holes by photoexcitation. In addition, the
photo-induced charge separation may take place at the inter-
faces between samples and substrates,43 leaving more holes in
P3HT nanostructures. However, our results suggest that the
photo-induced charge separation between P3HT and ITO
substrates is not very efficient, as the increments upon photo-
excitation is limited, only a couple to a few millivolts, as
compared to the case of PPV on ITO substrates.44
Quantitative estimation of carrier density in P3HT nano-
structures by EFM

EFM is a powerful scanning probe technique to measure elec-
trostatic forces of charges on the sample, and have been shown
capable of quantitatively survey the charge number in the
nanostructures by varying the bias voltage VEFM or the tip-
sample distance z.45 In EFM, the phase shi DF caused by the
electrostatic force at various VEFM can be estimated by the
following eqn (1)46,47

DF ¼ A(VEFM � VS) + B(VEFM � VS)
2 (1)
rface potential and the modulation by light. (a) Topography of P3HT
istograms of the surface potential of P3HT islands with light off (24.3�
KPM images of P3HT nanofibrils with light (f) off and (g) on; (h) the
71 � 0.57 mV) and on (3.30 � 0.81 mV). The color bars of the images

This journal is © The Royal Society of Chemistry 2016
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Fig. 4 EFM images of the P3HT nanofibrils with different bias and the
estimation of the light-modulated charges. EFM images at VEFM ¼ (a)
+6 V, (b) 0 V, and (c) �6 V; the insert is histograms of the charge
distribution light off (QS ¼ (1.2 � 0.6) � 10�7 nC) and on (QS ¼ (1.4 �
1.0)� 10�7 nC); (d) phase shift DF vs. EFM bias VEFM while light off (blue
circles) and light on (red boxes). The blue and red curves are the best fit
for the polynomial law of DF ¼ A(VEFM � VS) + B(VEFM � VS)

2, A and B
are fitting parameters, Vs as a substrate potential.
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Q
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��
330Sh

z 4

�
(2)

where, the VS is the surface potential from SKPM, Q � 186,
k � 8 N m�1, 3 � 4, S is the effective area contributing to the
electrostatic force, the average height of the islands h is
�3.5 nm, and the tip-substrate distance z is typically �50 nm.
In eqn (1), the rst term denotes the contribution of the nano-
structure charge QS, whereas the second term associated with
the capacitive force between the tip and substrate. Fig. 3a–c
show the images of phase shis for P3HT nano-islands at
a bias of �6 V, 0 V, and 6 V, respectively (see ESI Fig. S4† for all
images at various bias voltages). It is a clear that the phase shi
DF (relative to the substrate) changes sign when the bias
changes from �6 V to 6 V. Taking the same island area, the
average DF is measured as a function of VEFM, as shown in
Fig. 3d, where the blue circles and red boxes represent the phase
shi of nano-islands in dark and under illumination, respec-
tively. In both cases, the average DF is negatively depended on
the bias voltage. The polynomial tting of the experimental data
by eqn (1) gives the tting parameters A and B, then A has been
used to calculate the charges QS in the P3HT nano-islands
and brils. The histogram of the estimated charge values in
P3HT nano-islands is shown in the insert of Fig. 3d, and the red
and blues bars refers to the dark and the light-on cases,
respectively. It is clear that the distribution becomes broader
at the high QS side once the excitation light is on, indicating
Fig. 3 EFM images of the P3HT islands with different bias and the
estimation of the light-modulated charges. EFM images with a bias to
the tip VEFM of (a) +6 V, (b) 0 V, (c) �6 V, the insert is the histograms
of the charge distribution light off (QS ¼ (2.9 � 1.1) � 10�7 nC) and on
(QS ¼ (3.6 � 1.4) � 10�7 nC); (d) phase shift DF vs. EFM bias VEFM while
light off (blue circles) and on (red boxes). The blue and red curves are
the best polynomial fitting for DF¼ A(VEFM � VS) + B(VEFM � VS)

2, A and
B are fitting parameters, Vs as a substrate potential.

This journal is © The Royal Society of Chemistry 2016
more holes in P3HT islands, from (2.9 � 1.1) � 10�7 nC in dark
to (3.6 � 1.4) � 10�7 nC under illumination, �24% increment.

The same measurements have also been carried out for
P3HT nano-brils, and the results are shown in Fig. 4. Here,
the phase shis look more symmetric about the zero VEFM,
indicating a much smaller A in eqn (1). This is reasonable,
because the diameter of brils (also the height, �1.6 nm) is
much smaller than the size (�10–20 nm) of the conducting
tip, and thus the probing area of the tip covers most the ITO
substrate, the EFM signal of which is symmetric as
a conductor. Taking the height of nano-brils h of and the VS
from the SKPM results, polynomial ttings (Fig. 4d) are used
again to estimate the charges in the brils. Similarly, the
histograms (Fig. 4d insert) show the broadening of the
distribution upon illumination, and the average charge
increase �15%, from (1.2 � 0.6) � 10�7 nC (dark) to (1.4 �
1.0) � 10�7 nC (light on). Both value are less than those ob-
tained for nano-islands. This is consistent with the obser-
vation of more symmetric changes in phase shis while
varying the bias voltage in P3HT nano-brils. However, the
quantitative estimation of charges depends on the effective
area with charges probed by the EFM tip, which is about the
size of the EFM tip in case of nano-islands but becomes
smaller as the brils are “thinner”. Therefore, the results
from charge estimations imply that both nano-islands and
brils show similar optoelectronic response upon excitation
by light, and this is consistent with the similar p–p stacking
RSC Adv., 2016, 6, 15577–15584 | 15581
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Fig. 5 The change of charges before and after injection in P3HT islands on Si/SiO2. (a) Topography of an P3HT island; EFM images (phase shift,
VEFM ¼ 3 V, z ¼ 50 nm) of the same island (b) before charge injection and (c) after a local injection (VINJ ¼ +5 V for 200 s) on the central point
(injection point marked by the arrow); (d) the differential EFM image, the changes in phase shift (DFINJ � DF0).
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molecular architecture explored by AFM topographic
imaging.
Holes injection into P3HT islands on silicon substrates

Heim et al. showed that ambipolar charges was injected into
a single pentacene monolayer island, and higher ordered
monolayer improved the delocalization of injected charges.48

Here, better p–p stacking is expected for the nano-islands and
brils as suggested by the AFM topography and EFM measure-
ments on the charge density. To examine whether the p–p

stacking in P3HT can also improve the charge distribution/
transportation, charge injection experiments similar as re-
ported48 have been carried out on both nano-islands and brils
of P3HT. In experiments, the conducting tip is in contact with
the nanostructures with a DC voltage (VINJ) between the tip and
the substrate for a certain period. Then the topography of
sample is imaged again to ensure no obvious morphology
changes, and the EFM images are recorded to check any
changes in the charges distribution in the nanostructures.

Unlike that both electrons and holes can be injected into the
pentacene islands, we nd that only holes can be injected into
the nano-islands of P3HT on silicon wafers without changing
the morphology of islands, as shown in Fig. 5. Before the charge
injection, the island appears slightly dark in the EFM image
(VEFM ¼ +3 V, Fig. 5b), and the relative phase shi with respect
to the substrate DF z �1.215�. To inject charges into the
islands, the tip is gently in contact with the islands at a typical
force of �600 pN and a VINJ of +5 V for 200 seconds. Aer the
injection, the EFM image is taken again under the same
conductions (Fig. 5c), and a much darker region appears
around the injection point as marked by the arrow, suggesting
the success of holes injection. The relative phase shi with
respect to the substrate DF changes to �3.253�. Fig. 5d is the
differential image between Fig. 5c and b, i.e. the EFM signal
change aer charge injection, showing the 2D distribution of
injected holes with an average diameter of about 750 nm. The
size of this distribution region of holes is much larger than that
of the tip used in charge injection, demonstrating that those
injected holes can delocalize in the nano-islands. This further
suggest that the better p–p stacking improve the transportation
of holes and in turn injection of more holes.

If charges are injected on the substrate at a position just
outside the islands, there are no changes in EFM phase shi
15582 | RSC Adv., 2016, 6, 15577–15584
(ESI Fig. S5†). In addition, we also tried the injection of elec-
trons by applying a negative voltage without success. Even at
a small negative VINJ of�1 V, themorphology of islands changes
(ESI Fig. S6†). The injection of only holes in these P3HT nano-
island is consistent with the p-type nature of P3HT. In
contrast, the experiments of charge injection failed on P3HT
nano-brils too (ESI Fig. S7†). This may be due to the very small
diameter of the brils. In addition, the AFM topographic images
show that the nano-brils is not uniform along the bril axis,
indicating the variations in the chain planarity, the crystallinity
and the conjugation length of P3HT along the brils, whichmay
act as defects to scatter charges while they are transported in
such a one dimensional wire. This can lower the conductivity of
the nano-brils, leading to the limited injection of both holes
and electrons. The electrical conductivity have been reported for
varied nanostructures and nanocomposites,49–51 and for the
composite of P3HT and dopants.52 In this report, though the
electrical conductivity was not directly measured, our results
indicated the signicantly different electrical conductivity
between the nano-islands and brils is expected. These ndings
are essential for the fabrication of the P3HT-based nano-
composites and their applications.

4. Conclusion

Using different preparation protocols, P3HT can form various
molecular architectures, e.g. nano-island and brils, besides
normal spin-coating lms. AFM topography of these nano-
structures reveals a characteristic single-layer thickness of
�1.5–1.6 nm, which is the spacing between the side chains.
This indicates a well p–p stacking of inter-molecular back-
bones, which is further conrmed by the Raman spectra. To
characterize the optoelectronic properties of these nano-
structures, SKPM and EFM are used. Positive changes in both
the surface potential and charges in the nano-islands and brils
have been observed. Quantitatively estimations of the photo-
induced charges reveals an increments of holes is �24% for
nano-island and 15% for nano-brils of P3HT, respectively. This
difference between these two nanostructures as measured by
EFMmay not be as signicant as from the number, because the
effective EFM probing area is different in these two cases.
Nevertheless, the similar optoelectronic responses in nano-
island and brils of P3HT imply the positive role of p–p

stacking in improving the electronic property of P3HT
This journal is © The Royal Society of Chemistry 2016
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nanostructures. Further charge injection experiments show that
holes can be injected into an island and delocalized among the
island. This demonstrate the excellent hole propagation
behavior in the nano-island structures, which is useful for
organic molecule-based, more specically P3HT-based, devices.
Therefore, SKPM and EFM technique could provide an effective
way to gain direct information on the surface potential and
charges generation/separation of nanostructures by combining
with laser irradiation. This method would be important for both
basic understanding and potential applications of nano-
structures in optoelectronics and photovoltaics.
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