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Organic Nano-Junctions: Linking Nanomorphology and
Charge Transport in Organic Semiconductor Nanoparticles
for Organic Photovoltaic Devices

Hugo Laval, Yue Tian, Virginia Lafranconi, Matthew Barr, Paul Dastoor,
Matthew M. Marcus, Guillaume Wantz, Natalie P. Holmes, Kazuhiko Hirakawa,
and Sylvain Chambon*

In this study, innovative nanoscale devices are developed to investigate the
charge transport in organic semiconductor nanoparticles. Using different
steps of lithography techniques and dielectrophoresis, planar organic
nano-junctions are fabricated from which hole mobilities are extracted in a
space charge-limited current regime. Subsequently, these devices are used to
investigate the impact of the composition and morphology of organic
semiconductor nanoparticles on the charge mobilities. Pure donor
nanoparticles and composite donor:acceptor nanoparticles with different
donor compositions in their shell are inserted in the nanogap electrode to
form the nano-junctions. The results highlight that the hole mobilities in the
composite nanoparticles decrease by two-fold compared to pure donor
nanoparticles. However, no significant change between the two kinds of
composite nanoparticle morphologies is observed, indicating that conduction
pathways for the holes are as efficient for donor proportion in the shell from
40% to 60%. Organic photovoltaic (OPV) devices are fabricated from
water-based colloidal inks containing the two composite nanoparticles
(P3HT:eh-IDTBR and P3HT:o-IDTBR) and no significant change in the
performances is observed in accordance with the mobility results. Through
this study, the performance of OPV devices have been succesfully correlated
to the transport properties of nanoparticles having different morphology via
innovative nanoscale devices.
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1. Introduction

The wide field of organic electronics gath-
ers many promising technologies, and
their interests keep rising year after year.
In particular, thin film electronic devices,
such as organic photovoltaics (OPV), or-
ganic light-emitting diodes, and organic
field-effect transistors (OFETs) are exten-
sively studied, with constant improvement
in their performances.[1–3] These develop-
ments, even though they are mainly focus-
ing on improving performances, are gradu-
ally targeting the lab-to-fab considerations.
The well-established consideration is the
use of wet-process fabrication instead of dry
process as it presents low-cost techniques
(e.g., ink-jet printing, roll-to-roll coating),
and versatility in producing large-area and
flexible devices.[4–6] Another important as-
pect of industrialization, is the sustainabil-
ity of the process.[7,8] Especially, the use
of toxic organic solvents for thin film pro-
cessing of organic electronic devices re-
mains an issue as it requires highly efficient
ventilation systems and solvent-trapping
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equipment. Halogenated solvents such as chloroform,
chlorobenzene, or dichlorobenzene are still commonly used
when targeting optimal film fabrication. However, they present
high toxicity for the human body and the environment. For
OPV cells, less-harmful and more sustainable solvents, such as
xylene or 2-methyltetrahydrofuran, are sometimes used but still
present significant toxicity.[9] Concerning OFETs, a wide range of
“green solvents” have been studied, such as dimethyl carbonate
and anisole, allowing a better choice toward sustainability.[10]

Nevertheless, real benign solvents are still needed and the use
of water is perfectly matching that demand. This choice has
been made for OFETs and showed reliable transistor behavior
with comparable charge carrier mobilities obtained from their
organic solvent-based counterparts.[11,12] In the OPV community,
aqueous inks have also been used for developing water-based so-
lar cells using aqueous dispersions to process the active layer.[13]

In recent years, the progress in the use of colloidal inks prepared
by mini-emulsion allowed us to get closer to the symbolic power
conversion efficiency value of 10%[14] and even exceed it by
using the nanoprecipitation method.[15,16] These recent studies
highlighted that the nano-morphology of the particles has an
important impact on the final device performances and that it
is important to identify it. Indeed, the internal morphology of
the nanoparticle (NP) will drive the final morphology of the film
and, as a result, the final properties of the device. Consequently,
in an effort to understand the link between the morphology of
nanoparticles and their performances, it is crucial to explore
charge transport in these nano-objects. Diverse strategies are
employed to study electronic transport in organic semicon-
ductors. The dominant one remains the characterization of
charge carrier mobility. Among the experimental techniques
used for this purpose; time-of-flight),[17] field-effect transistor
configuration,[18] electron or hole-only devices[19] or Charge
Extraction by Linearly Increasing Voltage [20] are the most widely
spread. However, all these techniques explored not only the
charge transport in the nanoparticle itself but also between the
nanoparticles since the properties of thin films, i.e., nanoparticle
assemblies, have been studied.

Therefore, in an effort to investigate the charge transport prop-
erties at the single nanoparticle scale, nanogap devices have
been developed to probe the charge transport at the nanoparticle
scale. Nanoscale devices were fabricated using clean-room tech-
nology, e-beam lithography, and photo-lithography. A diode con-
figuration with a sub-micrometric gap of 100 nm was developed
in order to characterize the waterborne organic semiconductor
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nanoparticles. Doing so, it allows us to get closer to the electronic
properties of a single nanoparticle. Dielectrophoresis (DEP) has
been used to insert nanoparticles in the nanogap. This technique
has been widely used in biology to trap cells or proteins[21,22]

and it can also be used to attract dielectric particles[23] as well as
semiconductors[24] or metallic particles.[25] DEP force is created
when a particle is submitted to an alternative electric field, which
creates a polarization in the particle. Depending on the permit-
tivity and conductivities of the medium and the object, the force
can be attractive or repulsive. The final nanogap devices with
nanoparticles trapped inside – planar organic nano-junctions –
were analyzed using hole-only devices and mobilities were ex-
tracted in space charge limited current (SCLC) regime. Pure
poly(3-hexylthiophene) (P3HT) nanoparticles and P3HT blended
with two different rhodanine-benzothiadiazole-coupled indacen-
odithiophene acceptor molecules (eh-IDTBR and o-IDTBR) com-
posite nanoparticles have been synthesized by mini-emulsion
and their morphology has been studied using synchrotron-
based scanning transmission X-ray microscopy (STXM). These
nanoparticles, having different compositions and morphology
were inserted in the nanogap device and their mobility was ex-
tracted. Such a comprehensive study allowed us to link the com-
position and morphology of the nanoparticle to understand its
possible impact on the final device’s performance.

2. Results and Discussion

2.1. Design of Nano-Gap Structure and Trapping of
Nanoparticles

2.1.1. Lithography Process for Nanogap Structures

The nanogap structures have been built on silicon substrates
with 230 nm thermally grown silicon oxide using clean-room
techniques. First e-beam lithography was used to design the
nanoscale gap between the two electrodes (See supporting infor-
mation for experimental details). Two kinds of nanoscale struc-
tures have been designed: trapezoid-shaped electrodes with a
length and width of 100 nm and rectangular-shaped electrodes
with a nanogap length of 100 nm and a width of 10 μm. Titanium
(10 nm) and gold (50 nm) were thermally evaporated to form the
electrodes followed by a lift-off process. Then photolithography
was used to create the contacts, followed by a second evaporation
of Ti/Au electrode and a lift-off process. The workflow of the de-
sign of such nanoscale electrode is schematized in Figure 1a and
the detailed experimental procedure is described in supplemen-
tary information. The resulting devices are shown in Figure 1b
(photograph) and 1c for scanning electron microscopy (SEM) im-
ages.

2.1.2. Dielectrophoresis Force for Organic Semiconductor
Nanoparticles Insertion in Nanogap Structures

After the fabrication of the nanogap channels, nanoparticles have
been incorporated using the DEP technique. Commonly known
for biological application and trapping proteins and other biolog-
ical objects,[21] DEP can also be used to trap other kinds of nano-
objects such as metallic or semi-conducting particles from a liq-
uid containing the nanoparticles.[24,25] The process involves the
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Figure 1. a) Workflow of the design of a nanoscale device for trapping organic semiconductor nanoparticles. Photograph b) and scanning electron
microscopy c) images of the nanogap devices.

deposition of a drop of nanoparticle dispersion on the nanogap.
Then an alternative voltage is applied between the two electrodes
to induce the dielectrophoresis force. Finally, the excess water
containing nanoparticles is removed and the substrate is dried.
The dielectrophoresis force exerted to the nanoparticles depends
a several parameters as described by the following Equation (1):

FDEP = 2𝜋𝜀ma3Re [K (𝜔)]∇E2 (1)

where a is the particle radius, ɛm is the permittivity of the sus-
pending medium, E is the amplitude of the applied field (in case
of AC field, root-mean-squared E), and Re[K(𝜔)] the real part of
the Clausius-Mossotti factor (CM factor). The latter is dependent
on the frequency of the applied alternative electric field and can
be either positive or negative, which implies that the DEP force
can be either positive or negative too. Re[K(𝜔)] is defined by the
Equation (2):

Re [K (𝜔)] =

[(
𝜀p − 𝜀m

) (
𝜀p + 2𝜀m

)
+ (𝜎p−𝜎m)(𝜎p+2𝜎m)

𝜔2

]
[

(𝜀p + 2𝜀m)2 + (𝜎p+2𝜎m)2

𝜔2

] (2)

where ɛp is the permittivity of the particle, 𝜎m is the conductivity
of the suspending medium, 𝜎p is the conductivity of the particles,
and 𝜔 is the angular frequency of the applied electric field.

The insertion of nanoparticles in trapezoid-shaped electrodes
using DEP force was performed on P3HT nanoparticles synthe-
sized by mini-emulsion (See experimental section for details)
with 97 nm average diameter determined by DLS (Table S1, Sup-
porting Information). The concentration of the dispersion was
optimized to 0.05 mg mL−1 as well as some of the DEP condi-
tions: the peak-to-peak voltage (Vpp) at 3 V and DEP time (tDEP)
equal to 5 s. The effect of the frequency of the electric field
was studied. Figure 2a illustrates schematically the process of
nanoparticle trapping. The real part of the Clausius-Mossotti fac-
tor was calculated for different frequency of the applied electric

field considering that ɛp = 2.9 ɛ0,[26] ɛm = 80 ɛ0,[24]
𝜎m = 4 10−4 S

m−1[24] and 𝜎p = 10−3 S m−1[27] (Figure 2b). The calculation shows
that the DEP force can be either attractive or repulsive. At low
frequencies, from 1 to 20 kHz, the DEP force is attractive and
the CM factor constant. Starting from 20 kHz and for higher fre-
quencies, the CM factor decreases until it reaches zero ≈170 kHz.
For higher frequencies, the CM factor becomes negative and the
DEP force turns repulsive. The impact of the frequency on the
insertion of P3HT nanoparticles in trapezoid nanogaps is shown
in Figure 2c. One can clearly see that for the low frequency of
applied electric field, from 3 to 10 kHz, the trapping is highly ef-
ficient, with nanoparticles in the channel, as well as on the sides
of the electrodes. For frequencies of 30 and 60 kHz, the nanopar-
ticles are more directed to the nanogap and not around the elec-
trodes, illustrating that the DEP force decreases while still be-
ing positive (attractive). However, starting from 100 kHz and up
to 1 MHz, almost no NP is trapped in the channel, suggesting
strongly that the DEP force became repulsive.

2.1.3. Application to P3HT Nanoparticles

In order to investigate the possibility of probing the charge trans-
port using such nano-junction, P3HT NP has been trapped in
nanogap, either in trapezoid geometry or with rectangular geom-
etry. For trapezoid configuration, the DEP conditions were Vpp =
3 V, tDEP = 5 s, and f = 60 kHz and for rectangular configuration,
the same conditions were used except for Vpp which was set to 5 V.
After the DEP step, the excess of water is removed and the sub-
strates dried. The nanogap before and after DEP are presented in
Figure S1 (Supporting Information).

Current-voltage (I–V) characterization of the trapezoid and
rectangular nano-junctions was performed. Plotting the I–V
curves in logarithmic scales allowed us to identify two regimes
(Figure 3): a linear regime, attributed to the ohmic regime,
and a quadratic regime, attributed to SCLC regime,[28,29] from

Small 2024, 2404112 © 2024 The Author(s). Small published by Wiley-VCH GmbH2404112 (3 of 12)

 16136829, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/sm

ll.202404112 by Sylvain C
ham

bon - U
niversitã©

 D
e B

ordeaux , W
iley O

nline L
ibrary on [27/09/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

http://www.advancedsciencenews.com
http://www.small-journal.com


www.advancedsciencenews.com www.small-journal.com

Figure 2. a) Different steps for the insertion of nanoparticles in the nanogap device. b) Calculation of the CM factor for the applied conditions. c) SEM
images of the different nanogap after the DEP process and for various applied AC electric fields (scale bars: 500 nm).

which the charge mobility can be extracted according to the Mott-
Gurney law:

JSCLC = 9
8
𝜀0𝜀r𝜇

V2

L3
(3)

In which ɛr is the relative permittivity of the organic semicon-
ductor, μ the charge carrier mobility (in our case the hole mobility
μh+), and L is the distance between the two electrodes. The cur-
rent density, J, was calculated using the section of the electrode

as area: A = W × e, with W and e as the width and the thickness
of the electrodes.

From the SCLC regime, hole mobilities were extracted
for the rectangular and trapezoid geometries, 4.8 and
5.3 10−4 cm2 V−1 s−1 respectively (in forward bias), a value
commonly found for P3HT.[30] However, for the trapezoid con-
figuration, a perfectly quadratic regime was not found, and only
slopes ≈1.63 were extracted, indicating that the space charge-
limited current regime might not have been reached for this
structure. As one can see in Figure 2c (60 kHz) and Figure S1d

Figure 3. Current–voltage characterization plotted in logarithmic scale of the trapezoid a) and rectangular b) organic nano-junctions for different treat-
ments applied (thermal annealing, OTS treatment).
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Table 1. Hole mobilities (μh+) in cm2 V−1 s−1 for various nanogap device configurations (trapezoid and rectangular) and different treatments (thermal
annealing, OTS treatment). (n = 4 – 7).

Architecture OTS treatment Thermal treatment μh+ [cm2 V−1 s−1] Error [cm2 V−1 s−1]

forward reverse forward reverse

Trapezoid no no 4.3 × 10−4 5.3 × 10−4 ±3.7 × 10−4 ±2.0 × 10−4

yes 2.7 × 10−3 3.8 × 10−3 ±1.5 × 10−3 ±1.0 × 10−3

Rectangular no no 4.8 × 10−4 5.0 × 10−4 ±1.2 × 10−4 ±1.4 × 10−4

yes 2.3 × 10−3 2.4 × 10−3 ±0.7 × 10−3 ±0.8 × 10−3

yes no 2.4 × 10−3 2.6 × 10−3 ±0.7 × 10−3 ±0.8 × 10−3

yes 2.4 × 10−3 2.9 × 10−3 ±0.4 × 10−3 ±0.6 × 10−3

(Supporting Information), nanoparticles are not only present
inside the 100 nm gap but also around. In these side parallel
pathways for charges, the SCLC regime might not have been
reached, resulting in I–V characteristic not purely quadratic.
In addition, the error calculated for the trapezoid structure is
large, on the order of magnitude as the mobility itself (Table 1).
Therefore, mobility extracted from such devices is not fully
reliable. On the other hand, for the rectangular nanostructure, a
slope of two could be found in all cases, a strong indication that
the space charge limited current regime is reached. The error cal-
culated on the mobility values for the rectangular configuration
is lower than that of the trapezoid configuration, especially for
devices submitted to octadecyltrichlorosilane (OTS) treatment
or thermal annealing, making them reliable. For these reasons,
nanogap devices with large width (W) are used in the following
part of the study.

In the second step, several steps of optimization were per-
formed on rectangular-shaped nano-devices. First, the effect of
thermal annealing was investigated, and the devices were sub-
mitted to 100 °C for 10 min. The mobility extracted using the
SCLC regime increased by one order of magnitude, up to 2.3 10−3

cm2 V−1 s−1 (in forward bias), suggesting improved contact be-
tween the nanoparticles and the electrodes. Then, the effect of
OTS treatment of the substrate was studied. OTS is commonly
used in OFET to passivate the oxide surface and remove possi-
ble charge traps.[31] Such treatment was investigated in a rect-
angular configuration, with and without thermal treatment. The
extracted mobility is presented in Table 1 and shows that, with
the OTS treatment, the nano-gap devices present an optimal hole
mobility of 2.4 10−3 cm2 V−1 s−1 similar to those which were sub-
mitted only to thermal annealing 2.3 10−3 cm2 V−1 s−1. These
results suggest that both treatments (OTS treatment and ther-
mal treatment) have a similar effect. One can suggest that both
treatments lead to the improvement of charge transport between
particles and/or between the particle and the electrode by im-
proving the contact between nanoparticles and/or the electrodes.
This effect can be explained since OTS treatment can get rid of
morphological trap,[32] herein represented by interparticle spac-
ing, grain boundaries or poor contact with the electrode, as the
treatment can lead to better uniformity in the channel. On the
other hand, thermal annealing of P3HT nanoparticles on OTS-
treated substrates does not improve the mobility further, reach-
ing also 2.4 10−3 cm2 V−1 s−1. This result is surprising as thermal
annealing can improve the hole mobilities in P3HT thin films

deposited from organic solvent due to enhanced crystallinity.[33]

This difference between P3HT thin films deposited from organic
solvents and P3HT nanoparticles can be explained by the fab-
rication method of the nanoparticles (mini-emulsion) which in-
volves a thermal treatment for several hours and can enhance
the crystallinity of P3HT in the NP. UV–visible spectra of P3HT
thin films fabricated from nanoparticles before and after thermal
treatment have been recorded (Figure S2, Supporting Informa-
tion). One can clearly see the two vibronic peaks of P3HT at 554
and 604 nm – an indication of the crystallinity of P3HT – already
at room temperature (without thermal treatment). The thermal
annealing at 130 °C did not lead to a significant change in the po-
sition or intensity of these peaks, indicating that the crystallinity
has not been improved. This result is in accordance with the ab-
sence of improvement of hole mobility upon thermal annealing
at 100 °C. These first experiments on pure P3HT allowed us to
identify the conditions for fabrication of the nano-junctions (OTS
treatment, 100 °C thermal annealing) which will be used in the
following part of the study.

2.2. Investigation on Composite Donor:Acceptor of
P3HT:o-IDTBR and P3HT:eh-IDTBR Nanoparticles: Impact of the
Morphology

In a previous work, the morphology of different donor/acceptor
composite nanoparticles has been investigated and the different
studies have shown that a core-shell-like morphology is often ob-
served with the higher surface energy material of the two ma-
terials preferentially migrating in the nanoparticle core, and the
lower surface energy material to the nanoparticle shell.[34] This
result was particularly clear with two similar systems, P3HT:eh-
IDTBR and P3HT:o-IDTBR, where the donor material P3HT is
respectively predominantly located in the core and in the shell
(Figure 4). In order to investigate the impact of the morphol-
ogy and the change in the spatial distribution of the donor ma-
terial (P3HT) in the particle on the hole mobility of composites
donor/acceptor particles, the nanogap structures previously de-
veloped have been used.

2.2.1. Morphology Investigation

Composite donor/acceptor nanoparticles with the two systems
described earlier, P3HT:eh-IDTBR and P3HT:o-IDTBR, have
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Figure 4. a) Chemical structure of donor material P3HT and acceptor materials o-IDTBR and eh-IDTBR, b) Energy level diagram of eh-IDTBR, P3HT and
o-IDTBR and gold electrode, c) Schematic representation of P3HT:eh-IDTBR NPs and P3HT:o-IDTBR NPs internal morphology.

been synthesized. Prior to the investigation of the charge trans-
port, the internal morphology for each system was revealed us-
ing scanning transmission X-ray microscopy (STXM) at beam-
line 5.3.2.2 at the Advanced Light Source (ALS) synchrotron, as a
powerful tool for determining the composition of organic blends
in thin film as well as in nanoparticles.

STXM images and the extracted radial profile (Figures 5 and 6)
show the distribution of each material inside the nanoparticle.
A core-shell model is applied to extract the true core composi-
tion based on the measured nanoparticle center composition and
the core-shell dimensions, as reported in our previous work.[35]

For P3HT:o-IDTBR nanoparticles, the donor material is driven
to the shell as it has a slightly lower surface energy than the o-
IDTBR (26.9 and 28.1 mJ m−2 respectively).[34] In the case of the
P3HT:eh-IDTBR, because of the higher surface energy of P3HT
as compared to eh-IDTBR (26.9 and 18.3 mJ m−2 respectively),[34]

the P3HT is mainly driven to the core of the nanoparticles. How-
ever, since the two non-fullerene acceptors (NFA) materials do
not have high surface energy as compared to fullerene accep-
tors (i.e., PC61BM = 38.2 mJ m−2; PC71BM = 39 mJ m−2),[34]

the compositions of shell and the core of the nanoparticles are
more balanced than generally observed for fullerene-based parti-
cles: the proportions of P3HT in the shell are 40% and 60% for
P3HT:eh-IDTBR and P3HT:o-IDTBR respectively. Therefore, it
is possible to conclude that P3HT:eh-IDTBR NP has an acceptor-
rich shell while P3HT:o-IDTBR has a donor-rich shell. Such
a difference in the composition of the NP may have an im-
pact on the charge mobility and more specifically on the hole
transport through the P3HT. One can argue that a better path-
way for holes is obtained with the P3HT:o-IDTBR nanoparti-
cle as the P3HT is mainly in the shell, whereas poor pathways
might confine charges inside the core of the P3HT:eh-IDTBR
nanoparticle.

2.2.2. Mobility Studied through Nanogap Devices

To probe a possible impact of the P3HT spatial distribution in the
nanoparticle on the hole mobility, the nano-gap device described
earlier is used. The architecture was slightly improved in order
to enhance the signal-to-noise ratio while keeping a geometrical
ratio between channel length and width of at least 20 (W/L = 25
in our case). This factor is necessary to be able to probe the mate-
rial in the channel and avoid artifacts coming from the edges that
might induce an overestimation of the mobility.[36] The architec-
ture used had L= 100 nm and W= 2.5 μm (Figure S3, Supporting
Information). As shown in Figure 7a, different kinds of nanopar-
ticles were successfully inserted in the nanogap channels: P3HT,
P3HT:o-IDTBR, and P3HT:eh-IDTBR using optimized DEP con-
ditions (Vpp = 5 V, f = 60 kHz, tDEP = 5 sec).

As shown in the energy level diagram (Figure 4b), hole injec-
tion occurs from the Fermi level (EF) of the gold electrode to the
highest occupied molecular orbital (HOMO) of P3HT. The en-
ergy barrier between the EF of the gold electrode and the HOMO
of the two NFAs should be large enough to not be overcome even
if they might present ambipolar transport.[37] To confirm these
assumptions, and verify if the injection and the extraction of the
holes is only happening through the P3HT, eh-IDTBR and o-
IDTBR pure nanoparticles were inserted in the nano-gap devices
as a control test. As a result, no current above the noise level was
extracted (Figure S4, Supporting Information), confirming either
the lack of hole injection through the two NFAs or their poor abil-
ity to transport holes.

In Figure 7b the current–voltage characteristics in logarithmic
scales (log(I)–log (V)) of nanogap devices with either pure P3HT
nanoparticles and the two blend nanoparticles (P3HT:o-IDTBR
and P3HT:eh-IDTBR) are presented. One can observe from the
log(I)-log(V) plots two distinct regimes. Similarly to what was
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Figure 5. STXM fractional composition maps showing the concentration
of a) P3HT and b) o-IDTBR with corresponding STXM mass plots c and d)
for 1:1 P3HT:o-IDTBR nanoparticles; STXM fractional composition maps
showing the concentration of e) P3HT and f) eh-IDTBR with correspond-
ing STXM mass plots g and h) for 1:1 P3HT:eh-IDTBR nanoparticles. The
scale bars in a – d are 1 μm, and the scale bars in e – h are 500 nm. The
color contrast is scaled such that light colors correspond to higher com-
ponent concentrations. For the mass plots (c, d, g, h) the color scale bars
indicate the concentration of a component in mg cm−2.

previously observed for trapezoid and rectangular electrodes,
at a low electric field (V ≤ 0.2 V) the first regime corresponds
to the ohmic regime (slope of 1), thus confirming an ohmic
injection and extraction for the holes, and ticking an important
assumption for the use of the SCLC theory.[38] The second
regime is seen at a higher electric field (V ≥ 1 V) for each
nanoparticle system and is associated with the SCLC regime
where the current depends quadratically on the applied voltage
(slope of 2) as described previously (See Figure S5, Supporting
Information for the different fits).

From these plots, a notably higher current for the pure
P3HT nanoparticles is observed compared to the two compos-
ite nanoparticles. Such a difference in hole transport can be ex-
plained by various factors such as the purity of each phase, the
crystalline behavior, and the transport mechanisms.[39,40] From

Table 2. Summary of the μh+ for P3HT NPs, P3HT:o-IDTBR NPs and
P3HT:eh-IDTBR NPs (n = 3).

Nanoparticle system μh+ [cm2 V−1 s−1] error [cm2 V−1 s−1]

forward reverse forward reverse

P3HT 4.5 × 10−3 4.4 × 10−3 ±1.2 × 10−3 ±0.6 × 10−3

P3HT:o-IDTBR 2.3 × 10−3 2.6 × 10−3 ±0.4 × 10−3 ±0.2 × 10−3

P3HT:eh-IDTBR 1.2 × 10−3 1.5 × 10−3 ±0.2 × 10−3 ±0.4 × 10−3

this first analysis, blending P3HT with either IDTBR acceptors
seems to disturb the transport of the holes within the nanopar-
ticle compared to what happens in a pure P3HT nanoparticle.
The hole mobility was estimated from the SCLC regime identi-
fied on the I-V characteristics and extracted for several devices.
The results are presented in Table 2 and Figure S6 (Supporting
Information).

For P3HT:eh-IDTBR and P3HT:o-IDTBR, a hole mobility (for-
ward bias) of 1.2 ± 0.4 10−3 cm2 V−1 s−1 and 2.3 ± 0.2 10−3 cm2

V−1 s−1 respectively was calculated, whereas a hole mobility of
4.5 ± 1.2 10−3 cm2 V−1 s−1 is obtained for pure P3HT NPs. These
results first confirm that the addition of the acceptor slightly dis-
turbs the hole transport through in the composite nanoparticles,
the mobility decreasing by half compared to pure P3HT NP. In
addition, this analysis can help understand the possible impact
on the hole mobility induced by a change of polymer content in
the shell of the composite nanoparticles. However, only a very
slight increase in the hole mobility in forward bias is observed
for P3HT:o-IDTBR nanoparticles compared to P3HT:eh-IDTBR
nanoparticles. Considering also the error calculated on the mo-
bilities, these results suggest that the NP morphology and the
P3HT content in the shell (60% in P3HT:o-IDTBR NPs / 40% in
P3HT:eh-IDTBR NPs) have no significant impact on the hole mo-
bilities in P3HT:IDTBR composite nanoparticles. Even a limited
amount of P3HT in the shell (here 40% for P3HT:eh-IDTBR NPs)
is enough to transport holes efficiently through the nanoparticle.

2.2.3. Organic Photovoltaic Devices from P3HT:IDTBR
Nanoparticles

Photovoltaic devices incorporating P3HT:eh-IDTBR and
P3HT:o-IDTBR composite nanoparticles from water-based
inks have been fabricated using standard inverted architecture
(Glass/ITO/ZnO/active layer/MoO3/Ag) and characterized
under dark and 1-sun illumination.

For the devices fabricated from water-based inks, the effect of
the thermal annealing temperature on the NP-based active layer
was first investigated and an optimal thermal annealing temper-
ature was found at 130 °C (Table S2, Supporting Information).
Modest performances were obtained with power conversion ef-
ficiencies (PCE) of 1.44% and 1.62% for devices with P3HT:o-
IDTBR and P3HT:eh-IDTBR respectively. Increasing the thermal
annealing temperature to 150 °C led to a decrease in the perfor-
mances of the devices down to 1.05% for P3HT:o-IDTBR. It has
been shown that when nanoparticles are synthesized by mini-
emulsion technique, the thermal annealing temperature neces-
sary to achieve the nanoparticles’ sintering and reach optimal
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Figure 6. Radial composition profiles extracted from STXM maps of representative nanoparticles for a) P3HT:o-IDTBR and (b) P3HT:eh-IDTBR. Com-
position of P3HT (orange), o-IDTBR (black dashed), eh-IDTBR (blue dotted).

Figure 7. SEM images of the nanogap device with L = 100 nm and W = 2.5 μm after the dielectrophoresis step and filled with a) P3HT NPs, b) P3HT:eh-
IDTBR NPs, and c) P3HT:o-IDTBR NPs (scale bars: 1 μm). d) Current–voltage characteristics plotted in logarithmic scales of P3HT NPs (orange),
P3HT:o-IDTBR NPs (dark purple), and P3HT:eh-IDTBR NPs (light purple) with their ohmic region fit (black dashed line) and SCLC region fit (black line).
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Table 3. Short-circuit current density (Jsc), open-circuit voltage (Voc), fill
factor (FF), and power conversion efficiency (PCE) of organic photovoltaic
devices with P3HT:o-IDTBR and P3HT:eh-IDTBR as active layer prepared
from water-based nanoparticles dispersions or organic solvents. (n = 8).

Jsc [mA/cm2] Voc [V] FF PCE [%]

P3HT:o-IDTBR NP (water) 7.90 ± 0.17 0.43 ± 0.01 0.55 ± 0.01 1.86 ± 0.10

P3HT:o-IDTBR
(organic)

13.19 ± 0.15 0.71 ± 0.01 0.62 ± 0.05 5.8 ± 0.40

P3HT:eh-IDTBR NP (water) 6.43 ± 0.17 0.46 ± 0.01 0.55 ± 0.02 1.62 ± 0.27

P3HT:eh-IDTBR (organic) 11.17 ± 0.76 0.72 ± 0.02 0.53 ± 0.03 4.21 ± 0.19

performances can be quite high, up to 200 °C. However, con-
comitantly, phase segregation between the donor and the accep-
tor phase can also occur at such high temperatures. One can
suggest that for P3HT:IDTBR nanoparticles-based active layer, a
thermal annealing temperature of 130 °C is not enough to effi-
ciently sinter the nanoparticle but a temperature above 130 °C
promotes large phase segregation leading to a drop in efficiency.
In addition, two different nanoparticle diameters have been syn-
thesized to assess their impact on the water-based OPV devices.
Small nanoparticles with a diameter of ≈53 nm and larger ones
of 74 nm have been made for the two composite nanoparticles
(Figure S7 and Table S1, Supporting Information). For each sys-
tem, having smaller nanoparticles enhanced the performances
with a significant increase of open-circuit voltage (Voc) and fill fac-
tor (FF) (Figure S8 and Table S3, Supporting Information). Inter-
estingly, this is even more evident for P3HT:o-IDTBR nanopar-
ticles. The NFA in the latter system shows high crystallinity
upon thermal annealing. Decreasing the nanoparticle size of
P3HT:o-IDTBR is suspected to weaken the high crystallinity of
o-IDTBR,[41] which can positively impact the Voc and FF.[42] With
such kind of NP size optimization, optimal performances up to
1.86% PCE were achieved for P3HT:o-IDTBR OPV devices fab-
ricated from water-based colloidal inks. The optimized photo-
voltaic parameters for the different systems (P3HT:o-IDTBR and
P3HT:eh-IDTBR) are summarized in Table 3. Control devices
fabricated from organic solvent have also been prepared as a com-
parison (Figure S9, Supporting Information).

The devices fabricated from water suffer from very low Voc
compared to the reference fabricated from organic solvent, with
a loss of 260 to 280 mV. A possible explanation for the large dif-
ference in Voc could be the higher crystallinity of the acceptor
and/or the donor in the case of nanoparticle-based thin films.
UV–visible absorbance spectra of P3HT:eh-IDTBR and P3HT:o-
IDTBR films deposited with chloroform and water are shown
in Figure S10 (Supporting Information). The thin film made of
nanoparticles presents sharper and more intense red-shifted vi-
bronic peaks which could indicate higher crystallinity of both the
donor and the acceptor, compared to that of thin film processed
from organic solvent. The formation of large crystalline domains
of either donor or acceptor has already been shown to decrease
the energy of the charge transfer state (ECT) and, as a conse-
quence, the Voc. Decreases of 100 to 150 mV of the Voc have been
reported upon crystallization of phenyl- C61-butyric acid methyl
ester (PCBM)[43] and P3HT[44] respectively. Another explanation
might come from the difference of crystallization between the
donor and the acceptor which was found to increase the non-

radiative energy loss (ΔVoc
non-rad) and thus reduce the Voc.

[45,46] In
particular, the latter mechanism has been observed when increas-
ing the crystallinity of o-IDTBR with respect to that of the donor
material, thus reducing the Voc of 100 mV due to non-radiative
recombination. The strong aggregation of the donor and/or the
acceptor could result in a strong decrease of the ECT or an in-
crease of ΔVoc

non-rad, and as a consequence, explain the drop of
260–280 mV in Voc. More investigations are ongoing to confirm
(or disprove) these hypotheses and gain an understanding of the
Voc loss in water-processed OPV devices.

In addition, we compared our results with the literature, Xie
et al. fabricated OPV devices based on P3HT:o-IDTBR nanopar-
ticles prepared by mini-emulsion. These researchers reported
higher performances, with 2.53% PCE.[47] The lower PCE ob-
tained in our study is mainly due to a significant decrease of the
Voc, 430 mV for this study compared to 750 mV reported by Xie
et al. Several hypotheses could explain such discrepancy. Indeed,
it has been shown that the P3HT molar mass can impact the
Voc of P3HT-based nanoparticles OPV devices.[48] Moreover, as
mentioned before, higher crystallinity of either P3HT or IDTBR
molecules could also be the reason for such a decrease, as an ag-
gregation of donor and/or acceptor has been shown to lead to Voc
losses.[42–44]

Nevertheless, when comparing P3HT:eh-IDTBR and P3HT:o-
IDTBR devices prepared for water-based nanoparticle disper-
sions annealed at 130 °C, no significant difference is observed
in the performances of the devices, with 1.62% and 1.86% PCE
respectively. In particular, the fill factor, particularly sensitive to
charge transport, is identical for both kinds of active layer: 0.55 for
P3HT:eh-IDTBR and P3HT:o-IDTBR. Such result can be related
to the hole mobilities obtained using nanogap devices in which
no significant difference in hole transport has been observed be-
tween the two kinds of particles, 1.2 and 2.3 10−3 cm2 V−1 s−1 for
P3HT:eh-IDTBR and P3HT:o-IDTBR NP respectively.

3. Conclusion

Devices with nanogap electrodes have been developed in which
either pure donor NP (P3HT) or composite NP (P3HT:eh-
IDTBR and P3HT:o-IDTBR) have been inserted using the di-
electrophoresis technique. It resulted in planar organic nano-
junctions, from which we managed to extract hole mobili-
ties. The analysis showed that the hole mobility in composite
P3HT:IDTBR nanoparticles decreases by a factor of two com-
pared to pure P3HT NP. However, no significant difference
was observed between the two kinds of composite nanoparti-
cles (P3HT:eh-IDTBR and P3HT:o-IDTBR) although the propor-
tion of P3HT in their shell was different. It suggests that con-
duction pathways for the positive charges could be efficiently
found even for a proportion as low as 40%. Such similarity in the
charge transport at the nanoscale could also be observed on OPV
devices with active layers made of either P3HT:eh-IDTBR and
P3HT:o-IDTBR NP (from water-based inks). Indeed, similar pho-
tovoltaic performances were measured in both cases with 1.62%
and 1.86% PCE respectively. To conclude, this study helped to cre-
ate a link between the performances of macro-scale devices (OPV
devices) and the properties at the nanoscale of organic semicon-
ductor nanoparticles. This development also opens the route to
widen the understanding of the nanoscale properties of organic
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semiconductor nanoparticles using nanoscale devices such as or-
ganic nano-junctions.

4. Experimental Section
Materials: Chloroform (≥99%), sodium dodecyl sulfate (SDS), and

trichloro(octadecyl)silane were purchased from Sigma Aldrich. Deionized
water was obtained from a PURELAB Flex system (≈15 MΩ). Poly(3-
hexylthiophene) (P3HT) (Mw = 53 kDa) was purchased from Solaris Chem
Inc. o-IDTBR and eh-IDTBR was purchased from 1-Material. All the mate-
rials were used as received without further purification.

Nanoparticles Synthesis: Water-based inks were obtained with mini-
emulsion synthesis. For the organic phase, a total of 20 mg mL−1 was first
dissolved in active material (wt% of 1:1 for P3HT:o-IDTBR and P3HT:eh-
IDTBR) mixture in chloroform stirred 2 h at 65 °C in a nitrogen-filled glove-
box. Aqueous phase was obtained by dissolving 2 mg mL−1 of SDS in
MilliQ water and stirred 30 min at RT. A macro-emulsion was then ob-
tained by adding the organic phase into the aqueous phase with 1:5 vol-
ume ratio and stirring for 1 h at 40 °C (1000 rpm). The mini-emulsion
dispersion was formed by sonicating the macro-emulsion using a BRAN-
SON Digital Sonifier 450 in an ice-water bath for 2 min at 15% of the
maximum power in an ice-water bath. Chloroform evaporation was com-
pleted by stirring the mini-emulsion 3 h at 65 °C. In order to eliminate
the excess SDS, the centrifugal step was carried out by using an Ami-
con Ultra-15 centrifuge filter (cut-off 100 kDa) and a Hettich Universal
320 centrifugal. Three centrifugation cycles were done at 3500 rpm for
5 min. The retentate was raised to 15 mL with MilliQ water between each
step. Final aqueous dispersions were obtained with a concentration of
0.05 mg mL−1 of active materials. The concentrations were kept like this
needed for the trapping of the nanoparticles using the dielectrophoresis
method.

Nanogap Electrodes Fabrication: The nano-gap electrodes were fabri-
cated on Si/SiO2 substrates. Prior to the deposition of the EBL resist, the
substrates were cleaned by sequential ultrasonic treatments: acetone and
isopropanol. Consecutively, the substrates were dried for 10 min at 110 °C
in an oven containing Ar flow. A solution of PMMA in anisole (wt% 6) was
spin-coated onto the substrate at 4000 rpm for 50 sec. PMMA resist film
was then dried for 5 min at 180 °C in an oven containing Ar flow. Then,
electron-beam lithography (JEOL JBX-6300SG) was used to transfer the
pre-defined pattern of the nano-gap electrode onto the substrate, employ-
ing a current of 300pA and accelerating voltage of 100 kV. The dose value
used in the writing process was 1100 μC cm−2. Next, the samples were
developed in MIBK:IPA (1:3) solution for 45 s, and then rinsed in IPA for
30 s, followed by drying in a N2 flow. Metal deposition was carried out us-
ing e-beam evaporation of Ti/Au (10/50 nm, e = 60 nm). Subsequently,
the lift-off for e-beam evaporated metal electrodes was performed in hot
acetone followed by IPA rinsing and N2 drying. In order to perform electri-
cal characterization using a probe station, the nano-gap electrodes were
extended by using photolithography and thermal evaporation of Ti/Au
(10/50 nm) following the pattern in Figure 1.

Trapping of the Nanoparticles Using the DEP Force: Nanoparticles were
trapped in the nano-gap using the dielectrophoresis force. A drop of 3 μL
of the colloidal dispersion (0.05 mg mL−1) was dispensed onto the nano-
gap area. The AC (sinusoidal) signal was generated by an Agilent wave-
form generator 33521B. This step was performed in the dark and in the
air. Finally, the remaining drop was removed by capillarity using an ultra-
absorbent wipe.

Electrical Characterization of the Nano-Gap Devices: The nano-gap de-
vices were measured in the dark and in the air under a probe station and
using an Agilent B1500A semiconductor device parameter analyzer. Sin-
gle voltage sweeps from −3 to +3 V were done to extract the I–V curves of
each device.

Dynamic Light Scattering: Hydrodynamic diameters of the nanoparti-
cles were determined by dynamic light scattering using a Zetasizer Nano
ZS from Malvern Instruments at a detection angle of 173°. Autocorrela-
tion curves were averaged from 10 to 15 acquisitions depending on the

intensity of the scattered signal. The cumulants method was used to de-
termine the Z-average hydrodynamic diameter and the polydispersity in-
dex width (PDI width). Three measurements were performed for each
sample.

Scanning Electronic Microscopy: The images were collected with a Hi-
tachi SU8000 field-emission scanning electron microscope by setting the
accelerating voltage at 3 kV with an emission current of 5 μA.

X-ray Spectromicroscopy: X-ray spectromicroscopy (STXM) measure-
ments were performed on beamline 5.3.2.2 at the ALS synchrotron. Sam-
ples were prepared for STXM measurements by spin coating 2.5 mL of
nanoparticle ink onto low-stress silicon nitride (Si3N4) membrane win-
dows with silicon dioxide coating (window dimensions 0.25 × 0.25 mm2,
window thickness 15 nm, silicon frame dimensions 5 × 5 mm2, purchased
from Norcada, Canada) at 3000 rpm, 1 min, low acceleration of 112 rpm
s−1. Full details of the STXM measurement conditions are reported in the
previous article, by Barr et al.32 The radial composition profiles in Figure
S2 (Supporting Information) were generated by extracting compositional
data from STXM maps imported into MATLAB from aXis2000. The “0”
on the x-axis corresponds to the center of the nanoparticle. Note that,
since STXM is a transmission technique, the composition measured at
the nanoparticle center is the combination of the core plus the shell. More
information is available in the article from Holmes et al.[35]

Surface Energy Values: The surface energies referred to P3HT, eh-
IDTBR, and o-IDTBR have been taken from the literature.[34] The values
represent the surface energies of solids P3HT, eh-IDTBR, and o-IDTBR thin
films and have been calculated through contact angle measurements.

Organic Photovoltaic Devices Fabrication: OPV devices were fabricated
with an inverted architecture glass/ITO/ZnO/active layer/MoO3/Ag,
where ZnO and MoO3 were used as electron transport (ETL) and hole
transport (HTL) interlayer, respectively. The ITO-covered glasses (1.5 ×
1.5 cm2, 10 Ω/sq, VisionTek) were cleaned by sequential ultrasonic treat-
ments: diluted soap Hellmanex III, deionized water, and isopropanol. The
ZnO precursor solution was prepared by mixing zinc acetate dihydrate
(165 mg) and ethanolamine (90 μL) with ultrapure ethanol (5 mL). The
solution was then stirred at 55 °C in the air for 30 min and left at room
temperature under continuous stirring prior to deposition. Before deposit-
ing the ETL, the substrates were dried and treated with UV-ozone for
15 min. ZnO precursor solution was then spin-coated to form 40 nm thin
films. The substrates were then thermally annealed in air at 180 °C for
30 min. For np-BHJ active layers, substrates were treated with UV-ozone
for 20 min before deposition in order to increase the hydrophilicity of
the surface. np-BHJ active layers were obtained by spin coating on ZnO-
covered substrates of the nanoparticle dispersions with a rotation speed
of 2000 rpm (for 230–250 nm). For BHJ active layers deposited from or-
ganic solvents, organic solutions were prepared by dissolving 24 mg mL−1

of P3HT:o-IDTBR (wt% of 1:1) and P3HT:eh-IDTBR (wt% of 1:1) mixture in
chlorobenzene and stirred 2 h at 65 °C in a nitrogen-filled glovebox. Both
solutions were spin-coated with a rotation speed of 800 rpm to form the
active layer thin film. Subsequently, the active layer was annealed at 100 °C
for 10 min. Afterward, for both types of devices (water-processed and or-
ganic solvent-processed) vacuum evaporation (P = 10−6 mbar) was used
to deposit HTL MoO3 (7 nm thick with a rate of 0.5 Å s−1) and electrode
Ag (80 nm thick with a rate of 2 Å s−1). The area of OPV devices was set
at 10.5 mm2.

Current-Voltage Characterization of the Organic Photovoltaic Devices: A
solar simulator using a xenon source and AM 1.5 G filters (Newport LCS-
100) was used. The light intensity of the lamp was set at 100 mW cm−2

using a calibrated silicon reference cell from Newport Co. The J–V curves
were recorded in the dark and under 1-sun using a Keithley 2400 SMU,
and parameters were directly extracted via a LabVIEW program. J–V char-
acterization was done in a nitrogen-filled glovebox.

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.
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