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Abstract

In this work, hybrid bulk heterojunction solar cells based on surfactant-modified zinc oxide
(ZnO) nanorods blended with poly-(3-hexylthiophene) (P3HT) are presented. (£)-2-cyano-3-
(5'-(4-(dibutylamino)styryl)-2,2'-bithiophen-5-yl)acrylic acid (1), a p-type semiconductor, is
used as grafted interfacial surfactant on ZnO nanorods in order to improve simultaneously the
dispersion of ZnO nanorods inside the polymer blend as well as the electronic properties of
the hybrid interface. The influence of surfactant concentration, solvent used for spin coating,
and the P3HT:ZnO ratio on the nanoscale morphology of the P3HT/ZnO blends was studied
by different techniques such as transmission electron microscopy (TEM), atomic force
microscopy (AFM) and X-ray diffraction (XRD). The recombination dynamics of the
photogenerated charges at the P3HT/ZnO interface were investigated by transient absorption

spectroscopy (TAS) on micro- to millisecond time scales. For an optimal surfactant
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concentration, it was found that the change of solvent (from to chloroform to
orthodichlorobenzene) and an increased P3HT:ZnO ratio (from 1:0.5 to 1:2) yields four to six
times of magnitude improvement in the nanocomposites photovoltaic cell efficiency. A solar
power conversion efficiency of 0.93 % was achieved under AMI.5 illumination,
corresponding to highly homogeneous dispersed ZnO nanorods in the P3HT polymer
network. The improvement due to the ligand modification could be addressed to both
improved electron transport in the nanocomposite films as well as increased interfacial area in

combination with reproducible and controlled nanoscale morphology.

Keywords: ZnO nanorods; Ligands; P3HT; Surface modification; Hybrid materials; Solar

cells; Nanoscale morphology.

1. Introduction

Hybrid photovoltaic cells based on a blend of inorganic nanocrystals and polymers are
one of the promising low-cost, scalable solar power conversion using bulk heterojunctions
and are interesting alternative to all organic solar cells. Such hybrid nanomaterials combine
the electronic properties of inorganic materials with the low-temperature solution
processability of polymers [1]. Different inorganic nanoparticles such as TiO; [2-4], ZnO [5-
8], PbS [9, 10], CdS, CdSe or CdTe [11-14], and PbSSe [15] have been used as n-type
semiconductor to produce hybrid bulk heterojunction solar cells with efficiencies up to 5.5%.
Compared to all organic devices, these hybrid solar cells held great promises for aqueous
solution processing and high temperature stability [16]. While high efficiencies could only
obtained with nanoparticles bearing elements such as Cd or Pb, nontoxic alternatives based on
metal oxide nanoparticles such as ZnO and TiO, show so far only poor efficiencies below 3%

[17]. In order to improve device performances of metal oxide based hybrid solar cells,



interfacial modification of nanoparticles with ligands has been found very efficient [17]. For
example, TiO, nanorods modified by dye molecules have been used as electron acceptor and
demonstrated an improvement in the power conversion efficiency of solution processed
P3HT/TiO, hybrid solar cells up to 2.2 % [18]. Improved charge carrier injection and
passivation of trap states induced by the presence of surfactant at the TiO, surface were
identified as key parameters. Such beneficial effect of ligand exchange was also demonstrated
at the polymer/ZnO nanorod interfaces, for which ZnO nanorods were grown on ITO
substrates and filled with P3HT to form a nanostructured hybrid solar cell or a planar structure
between P3HT/ZnO [19, 20]. We previously demonstrated that porphyrin dye surfactants on
the surface of ZnO nanorods contribute directly to the photocurrent generation in P3HT/ZnO
blends and increase the spectral response of the solar cells. Unfortunately, we found that this
dye, a tetra(4-caboxyphen)porphyrin, increases simultaneously the aggregation between
nanorods due to strong dye-dye interaction leading finally to strong losses in all photovoltaic
parameters of the devices [21]. Intensive studies were devoted to methods for improving the
morphology of hybrid polymer blends by tailoring the compatibility of the nanoparticles with
the polymer via ligand modification of the nanoparticles [13, 22-27]. These experiments
reveal that in polymer/nanoparticle blends the surfactant controls not only the polymer-
nanoparticle and the nanoparticle-nanoparticle interfaces, respectively, but also the nanoscale
morphology of the blend that makes their choice critical for optimizing hybrid polymer blend
solar cells. We could show recently that p-type bithiophene derivative monolayers grafted
onto ZnO nanorods form a coaxial p-n junction core-shell systems that can be used instead of
the polymer making the nanoscale control of the bulk heterojunction simpler [21, 28].

All these recent results of metal oxide based hybrid bulk heterojunctions point towards the
crucial role of the interfacial modification of the inorganic surface via organic ligands to reach
high efficiency. Taking into account the complex interplay between ligand, metal oxide and

nanoscale morphology of the polymer blend, more fundamental work is needed to obtain a
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deeper understanding of the different mechanisms involved in the device performance
improvements. With this objective, we recently studied hybrid bilayer P3HT/ZnO solar cells
with intercalated organic dyes at the hybrid interface [29]. It was shown that there is strong
dye-ZnO and dye-P3HT interaction at the hybrid interface leading to changes in the open
voltage of the solar cells. Furthermore, the dye can also reduce charge carrier recombination
at the hybrid interface. As these experiments were performed with bilayer structure of very
low efficiency, it would be very wishful for bulk heterojunction solar cells to use a suitable
dye ligand that allow to increase the performance of the solar cells by increasing polymer-
nanoparticle compatibility, with additional photocurrent generation properties and suitable
energy level for reducing recombination kinetics at the hybrid interface.

In this work, we report on ZnO nanorods modified with a p-type semiconductor ligand
bithiophene derivative, the (F)-2-cyano-3-(5'-(4-(dibutylamino)styryl)-2,2'-bithiophen-5-
ylacrylic acid (named 1) [30], that allows a simple and versatile method to increase the
dispersion of ZnO nanoparticles in P3HT polymer network and increase light absorption
directly at the hybrid interface between ZnO and P3HT. From the molecular structure of 1
given in Figure 1, it can be seen that dibutyl group functionalizations are used to increase
solubility of the nanorods via grafting that is obtained through the carboxylic acid group of 1.
The use of the acceptor cyano (-CN) group allows further to modify the band gap and thus to
tune the energy position of the lower unoccupied energy level (LUMO) and the highest
occupied energy level (HOMO) of the molecule in order to reduce the band gap and allow to
absorb strongly in the visible [30]. A complete set of experiments is presented to elucidate the
direct impact of solvent, P3HT:ZnO ratio and amount of molecules 1 grafted on ZnO on the
nanoscale morphology, charge transport and the photocurrent generation properties of

P3HT/ZnO blends.

2. Experimental part



Materials and device manufacture: Details on the synthesis of ZnO nanorods (NRs) and
(E)-2-cyano-3-(5'-(4-(dibutylamino)styryl)-2,2'-bithiophen-5-yl)acrylic acid (1) are given
elsewhere [30]. The as-produced ZnO single crystals have very smooth facets and a relatively
well-controlled size distribution centered around 8 nm in diameter and 55 nm in length, as
determined by high-resolution transmission electron microscopy (HR-TEM) (Figure 1a). The
molecular structure of the low band gap oligomer 1 is given in Figure 1b. The HOMO and the
LUMO levels of 1 were found to be 4.9 and 2.7 eV, respectively [30]. The molecule 1 was
chosen as electroactive surfactant because of its good solubility in most organic solvent.
Regioregular P3HT was purchased from Sigma-Aldrich (RR > 90%). The synthesis of the
modified 1-ZnO NRs is particularly simple. Adding 1 to a solution of ZnO NRs produced
hybrid nanostructures that can easily be isolated by centrifugation. To obtain the modified
Zn0O NRs, before mixing with P3HT solution, four different weights of 1 (0.5 wt%, 1 wt%, 2
wt% and 5 wt%) were added into the ZnO nanorod solutions. The carboxyl group of 1 graft to
the surface of ZnO spontaneously and increase the solubility of ZnO NRs in the solution as
can be seen in Figure 1c by the reduction of light scattering. In order to further reduce the
amount of aggregates, the mixed solution was sonicated at 60°C for 20 min before spin
coating, Modified 1-ZnO NRs were mixed with P3HT in chloroform (CHCls), chlorobenzene
(CB) or orthodichlorobenzene (ODCB) with different P3HT:ZnO ratios (1:0.5, 1:1 or 1:2). In
order to make comparison, P3HT/ZnO films without adding 1 were also prepared. For each
ratio, the P3HT concentration was kept constant at 15 mg/mL.

Solar cell fabrication: The devices were prepared on top of ITO glass substrate with a sheet
resistivity of 15 Q/square (Lumtec). A thin layer (40 nm) of PEDOT-PSS
(poly(ethylenedioxythiophene)-poly(styrenesulfonate)) (CLEVIOS™ Al 4083) was spin
coated (4000 rpm for 60 s) in clean-room on top of the ITO to serve as a hole-only transport

layer while also aiding to smooth out the ITO surface. The PEDOT-PSS layer was
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subsequently annealed at 140°C during 20 min. The substrates were transferred in the glove-
box for the deposition of the active layer. P3HT/1-ZnO composite films were prepared by
spin-coating (1500 rpm for 60 s) the solution on top of the PEDOT-PSS layer without further
annealing. For the final step, the substrates were then transferred outside of the glove-box for
the electrodes deposition through evaporation of aluminum Al (120 nm) under vacuum. The
device structure is given in Figure 1d.

Characterization and Testing: UV-vis absorption and fluorescence investigations of the
P3HT/1-ZnO blend in thin films and its compounds in solution were recorded using a Varian
5000 UV-Vis-NIR spectrometer and a CARY Eclipse spectrometer, respectively.
Morphological study of ZnO NRs were carried out by the high-resolution transmission
electron microscope (HRTEM) JEOL 3010 (operating at an acceleration voltage of 300 kV),
where samples are prepared by drop casting of diluted solution on a meshcoated carbon film.
The TEM images of the P3HT/1-ZnO films were obtained by using the JEOL-3010
microscope with an accelerating voltage of 120 kV. Atomic force microscopy (AFM), by
using a Nanoscope IIIA tapping mode multimode digital instrument, was used to characterize
the roughness of P3HT/1-ZnO films. Furthermore, thin films were analyzed by two
dimensional grazing incidence X-ray diffractometry (2D-GIXD) using high-brightness
synchrotron radiation at BL19B2 in SPring-8. 2D-GIXD measurements were performed using
high-sensitive 2D X-ray detector (PILATUS 300K) equipped with soller slit. The used
incident angle and wavelength of X-ray in the experiments were 0.13° and 0.100 nm,
respectively. The current density-voltage (J-V) characteristics were measured using a Keithley
238 Source Measure Unit inside the glove-box. Solar cell performance was measured by
using a Newport class AAA 1.5 Global solar simulator (Oriel SOI3ATM model n°94043A)
with an irradiation intensity of 100 mW/cm®. In order to make comparison, P3HT/ZnO films

without adding 1 were also prepared.



Field-effect transistor (FET) fabrication and characterization: Bottom-gate bottom-
contact (BGBC) configuration was used for FET devices. The schematic representation of the
FET architecture is shown in Figure S7. Interdigitated source and drain electrodes structured
by a lift-off technique were deposited on n-doped silicon wafers covered with thermally
grown silicon dioxide (Si0O,). Interdigitated electrodes were formed by 30 nm of gold (Au)
and 10 nm of an adhesion layer of indium tin oxide (ITO). Such interdigitated FET structures
were purchased from Fraunhofer (Germany) with a channel width W of 10 mm and different
channel lengths L ranging from 2.5, 5, 10 and 20 pum. The capacitance per unit area of 230 nm
thick SiO, dielectric layers was 14.6x10™ F/cm’. Prior the deposition of P3HT/1-ZnO films,
the substrate was consecutively cleaned by ultra-sonication with acetone, isopropyl alcohol
and rinsed with deionized water. The SiO, substrate was then dried and treated with final UV-
ozone plasma for 5 min. The silicon oxide surface was modified with hexamethyldisilazane
(HMDS) by spin-coating a solution in a two steps process (first step: 500 rpm for 5 s, second
step: 4000 rpm for 40 s) and annealed at 135°C for 10 minutes in the glove-box. Spin-coating
of the P3HT/1-ZnO active layer was performed then in the glove-box at 1200 rpm for 60 s
following by a second step at 2000 rpm for 120 s. The samples were then left overnight under
vacuum to remove residual solvent traces. Current-voltage characteristics were obtained with
a Hewlett—Packard 4140B pico-amperemeter-DC voltage source. The mobilities were
extracted from the saturation region of the transfer curves with the equation:
Io=(W/2L) Cipt (V-Vy? (1)

where 14 is the drain-source voltage, C; is the capacitance per unit area of the gate insulator
layer, V, is the gate voltage, V; is the threshold voltage, and p is the field-effect mobility.
Both FET fabrication and characterizations were performed in the nitrogen-filled glove box.
Transient absorption spectroscopy (TAS): The charge transfer properties of the P3HT/1-
Zn0O and P3HT/ZnO films were investigated through microsecond-millisecond TAS using an

experimental configuration described elsewhere [13]. For this system, the excitation
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(nitrogen-pumped dye laser, repetition rate ~4 Hz, pulse duration < 1 ns) was set to 520 nm,
with a pump energy density of 45 mJ.cm™.pulse”. The transient absorption spectra were

monitored by changing the probe wavelength (tungsten lamp) between 625 to 1050 nm.

3. Results and discussions

The p-type semiconducting ligand 1 was first grafted onto ZnO nanorods as interfacial
surfactant. Figure 1b shows the molecular structure of 1 as well as a simplified energy
diagram of this hybrid solar cell taking into account the energy level of molecule 1 and ZnO
[21, 30]. It is worth mentioning that ZnO and P3HT as well as 1 form a type II
heterojunctions. The large band offset between the LUMO level of 1 and the conduction band
of the ZnO represents a strong driving force for exciton dissociation at the hybrid interface
making photocurrent generation via the dye absorption possible [30]. Light absorption in
P3HT should only lead to dissociation of excitons at the direct contact with the ZnO interface
as there is energy off set of 0.3 eV between the LUMO of P3HT and 1, respectively,
hindering cascade reaction from P3HT to 1. Thus we can expect that there is a competition in
photocurrent generation at the hybrid interface between P3HT and 1. By varying the amount
of 1 at the ZnO surface, contribution of the ligand is expected to increase.

Grafting of 1 onto the ZnO NRs is first visualized by optical changes of the solution.
Prior to grafting, ZnO NRs form aggregates in solution as indicated by strong light scattering
of the solution (Figure 1c). Once a small amount (2 wt%) of 1 is grafted, the solubility of the
nanorods bearing such interfacial surfactant increased dramatically so that stable solutions of
1-ZnO can be obtained in ODCB. The formation of 1-ZnO was further investigated by
absorption spectroscopy. Figure 2a compares the absorption spectra of molecule 1, ZnO NRs
and 1-ZnO in CB solution. The absorption maximum of compound 1 is located at Amax = 498

nm while ZnO NRs have an absorption maximum around 360 nm. The measured spectrum of
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1-ZnO corresponds principally to the combined molecule and ZnO absorption peaks.
However the grafted molecules show a broader absorption band with a hypsochromic shift of
37 nm compared to 1 in solution. The blue-shift of the lowest-energy transition band (Amax =
461 nm) in the hybrid nanostructure relative to the free ligand 1 (Anax = 498 nm) correlate to
our previous spectral observation made for a distyrylbithiophene derivative bearing a
carboxylic acid function as ligand unit to bind the ZnO surface [28]. Such shift, first observed
in thin films, was assigned to a crystalline organization of the parent nonsubstituted
distyrylbithiophene via m-m stacking between the molecules [31-33]. Here we interpret the
blue-shift as indicator that ligands 1 form aggregates on the ZnO surface in which the ligands
organize perpendicular to the surface with the carboxylic group pointing to the surface of
ZnO. Figure 2b shows the UV-Vis absorption spectra of bare P3HT/ZnO and modified
P3HT/1-ZnO blends. Whereas P3HT and 1 has a strong absorption in the visible between 400
to 650 nm, the spectra of both P3HT/ZnO and P3HT/1-ZnO blends consist of the overlapping
absorption bands of P3HT, 1 and ZnO. When increasing the amount of 1 at the surface of
Zn0O, we observe no apparent absorption characteristic to 1 for low concentration below 5%.
In the case of higher concentration (10%), we find characteristic increase in light scattering
indicating formation of large ZnO aggregates inside the polymer blend. Furthermore the two
low-energy peaks at 550 and 600 nm of P3HT were used as indicator for highly crystalline
P3HT phases [34-37]. It can be seen that bare P3HT/ZnO and modified P3HT/1-ZnO blends
have almost absorption spectra with identical peak ratios. It is worth to noting that the same
behavior is observed for P3HT/1-ZnO blends in chlorobenzene and chloroform solutions
(Figure S1). Therefore, the photovoltaic properties of P3HT including exciton and hole
transport should not be altered either by the presence of molecule 1 at the ZnO surface nor by
the solvent.

Figure 2c shows the photoluminescence (PL) of bare P3HT/ZnO and modified

P3HT/1-ZnO blends in comparison with P3HT. Whereas P3HT has the more intense PL
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emission, both P3HT/ZnO and P3HT/1-ZnO blends induce a lower emission. The PL
quenching of P3HT when mixed with ZnO NRs can be an indicator of the efficiency in
exciton dissociation and charge transfer between P3HT and ZnO in the blends. The PL peak
intensity of P3HT decreases by more than 10% in P3HT/ZnO blend and by 40% when 1 is
added to the P3HT/ZnO blends as compared to pure P3HT indicating an improved generation
of free charge carriers in the hybrid polymer blend.

Time resolved transient absorption spectroscopy (TAS) was used to study the
photoinduced electron-transfer yield and charge recombination of the P3HT/ZnO nanorod
interface upon grafting of 1. TAS experiments were done on bare P3HT/ZnO blend samples,
as reference, and modified P3HT/1-ZnO blend with 2 wt% of 1 for which optimal
performances were obtained as described below. Figure 3 shows the transient absorption
spectra of bulk heterojunction thin films at 10° s after excitation at 520 nm for bare
P3HT/ZnO blend and modified P3HT/1-ZnO blend. For the reference sample, a wide
absorption band appears with an absorption maximum at Ap.x = 950 nm corresponding to the
radical cation band of P3HT. In the case of P3HT/1-ZnO blend, an additional band with an
absorption maximum at Amax = 750 nm appears. This new band can be attributed to the radical
cation band of 1 after charge carrier injection from the grafted molecules 1 to the ZnO NRs.
This band was first observed for coaxial nanorod solar cells using 1 as light absorption and
charge transporting layers in a previous publication [30]. The appearance of this 1-assigned
band clearly demonstrates that the surfactant not only influences the solubility of the ZnO
nanorods, but also is involvend in the photogeneration process. The later can happen either
via direct light absorption and followed by electron injection into ZnO. Alternatively, it could
also arise from hole in injection from 1 to the radical cation state of P3HT by that improving
photocurrent generation due to light absorption in the P3HT. By the fact that the amount of 1
concentration is very low, i.e. 2 wt%, the effect of additional photocurrent generation via

absorption of the ligand is insignificant for photocurrent generation compared to P3HT.
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Charge carrier recombination at the hybrid interface is therefore studied using excitation and
probe wavelengths of 520 and 975 nm, respectively, for which P3HT radical absorption was a
maximum. The TAS decay analysis in Figure 4 shows that the TAS intensity is strongly
increased for modified 1-ZnO NRs, which corresponds to the increase exciton quenching
observed for these layers. Unmodified P3HT/1-ZnO blends show two components in the
decay kinetics, one short and one long-lived decay. In contrast to our studies using porphyrin
grafting at ZnO nanorods [21], for which the long-lived decay component was suppressed by
the ligand and addressed to reduction of charge trapped at the hybrid interface, grafting of 1 is
not affecting the intensity of the second long lived components. It is possible that rather direct
interaction between the m-conjugated systems with the ZnO surface is involved in the
passivation of trap state at the hybrid interface than the carboxylic acid groups used for the
grafting of the ligand to the ZnO surface.

As a next step, we used transmission electron microscopy (TEM) and atomic force
microscopy (AFM) to characterize the effect of 1 in the dispersion of ZnO in P3HT thin films.
The morphology of spin-coated P3HT/1-ZnO blends is probed by TEM as shown in Figures 5
and S2 as function of grafted molecules on ZnO NRs (wt% from 0 to 5), P3HT:ZnO ratio
(1:0.5, 1:1 and 1:2) and solvent (CHCl;, ODCB and CB). The TEM images on Figure 5
clearly show that the dispersion of nanorods in the polymer is improved when the surfactant is
added. Increasing the weight percentage wt% of 1 contributes to form homogeneous films by
reducing the presence of ZnO aggregates (white circles in Figures 5). The ZnO NRs are
randomly lying parallel to the surface plane. With 5 wt% of 1, blending of 1-ZnO and P3HT
results in film bearing some ZnO free area of P3HT (black circles in Figures 5) indicating a
beginning of phase separation between surface modificaed ZnO nanorods and P3HT. The
origin of the ligand induced phase separation in not clear and deeper understand would go
beyond this work, but we can conclude that best dispersion of ZnO NRs was found for 2% of

1. We further compared to the dispersion of 1-ZnO nanorods inside the polymer for the
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optimal 2 wt% of 1 as a function of the solvent used and the mass ration of ZnO and P3HT.
The TEM analysis of modified 1-ZnO:P3HT films in Figure S2 show that solvent and mass
ratio impact strongly the nanoscale morphology of the polymer ZnO blend. Best dispersion of
NRs and thus best blend morphology were obtained with a P3HT:ZnO ratio of 1:2 in ODCB.

The blend morphologies observed with TEM were then compared with AFM analyze
in tapping-mode (Figure 6 and S3). The film root mean square (rms) roughness of spin-coated
P3HT/1-ZnO blends is summarized in Tables 1 and S1 as function of grafted molecules on
ZnO NRs (wt% from 0 to 5) and solvent (CHCl;, ODCB and CB). The AFM analysis clearly
shows that bare P3HT/ZnO blend deposited by spin-coating contains large agglomerates in
the films with a detrimental effect on the film roughness and thus potentially on device
performance. After grafting of 1 on ZnO NRs with 0 to 5 wt%, the rms of modified P3HT/1-
ZnO blends decreases from 13.02 to 8.66 nm, respectively, this can be assigned directly to the
reduction of ZnO nanorod aggregates inside the polymer as seen as Figure 5. The effect of 1
grafting on morphological changes in P3HT/1-ZnO blends was further analyzed by XRD.
From absorption spectroscopy, we showed crystalline organization of P3HT indicated by the
two low energy peaks. The XRD analyze of pure P3HT layers reveal the presence of long
range lamellar P3HT structure that lays parallel to the substrate surface (Figure S4). By
adding either ZnO or 1-ZnO NRs, a collapse of such lamellar structure of P3HT is observed
together with the emergence of diffraction peaks corresponding to ZnO (Figure S5). Thus
incorporation of ZnO nanorods, independently of their surface modification, suppresses long
range organization inside the P3HT domains.

In order to study the photovoltaic properties of the polymer nanoparticle blends,
hybrid solar cells were prepared via spin coating of P3HT/1-ZnO blends from solutions on
indium tin oxide (ITO) covered glass substrates, which were coated with poly(3,4-ethylene-
dioxythiophene)-poly(styrene-sulfonate) (PEDOT-PSS) before. Figure 1d illustrates a scheme

of the corresponding device structure. All solar cells were characterized in an inert nitrogen
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atmosphere (<0.1 ppm H,O, < 0.1 ppm O,) using a class AAA solar simulator. Figure 7 gives
first the current density-voltage (J-V) curves of modified P3HT/1-ZnO blends as function of
grafted molecules on ZnO NRs (wt% from 0 to 5) for a fixed P3HT:ZnO ratio of 1:2 in
ODCB. We found that the addition of 1 to form modified 1-ZnO NRs mixed with P3HT
increases Ji, Voo and especially FF of the devices. Best performance was obtained for
P3HT/1-ZnO blends with 2 wt% of grafted molecule. The device shows an open circuit
voltage of Vo = 0.72 V, a short-circuit current density J;. = 1.94 mA/cmz, and a fill factor of
FF = 53% resulting in solar energy conversion efficiency of 0.93%. Compare to bare
P3HT/ZnO blend, the solar energy conversion efficiency is increased from 0.14% to almost
1%. The low efficiency for unmodified ZnO is clearly correlated to the poor film morphology.
Further increase in wt% of 1 to 5% lead to reduce photocurrent and FF. The reduction in
photocurrent can be attributed to the worse nanoscale morphology compared to blends using 2
wt% of 1, as observed in TEM analyses. Furthermore high amount of 1 at the surface of ZnO
nanorods may generate exciton transfer barrier from P3HT to ZnO due to the LUMO off set
of 1 compared to P3HT. The reduction in FF can be correlated to the formation of ZnO free
areas observed at increasing concentrations of the surfactant (5 wt%) in TEM analysis. We
further studied the impact of ZnO:P3HT ratio (1:0.5, 1:1 and 1:2) as well as solvent (CHCl;,
ODCB and CB) on the photovoltaic properties by using optimal 2% of 1 as shown in Figure
S6. The corresponding photovoltaic parameters (open circuit voltage, V,.; short-circuit
current density, Jg; fill factor, FF and power conversion efficiency, PCE) are summarized in
Tables 1, S1 and S2. The analyses reveal the importance of the blend morphology, which was
first studied by AFM and TEM for the performance of the device. Major impact in the
photocurrent generation and fill factor is the aggregation free dispersion of 1-ZnO NRs inside
the P3HT. By the fact that 1 modified ZnO nanorods lead to poor device performance in
CHCL; clearly shows that grafting of 1 only improves the device performance if a better

dispersion of the ZnO nanorods is accompanied.
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In order to get an insight into charge transport in the P3HT/1-ZnO composite structure,
we performed FET measurements on thin films based on 1-ZnO NRs mixed to P3HT
polymer. Mixed solutions based on both 1-ZnO NRs (2 wt%) and P3HT compounds were
performed according to different P3HT/1-ZnO ratio (1:0.5, 1:1 and 1:2) in the three solvents
(ODCB, CB and CHCI;). Solutions were deposited by spin-coating onto Si/SiO; substrates
equipped by Au interdigitated source and drain electrodes. The schematic representation of
the FET architecture is shown in Figure S7. Current-voltage characteristics were performed in
glove-box. Table 2 collects the electrical data in terms of hole and electron mobilities (p) vs.
P3HT/1-ZnO ratio and solvent. Purely p-channel FETs were realized for low P3HT:ZnO ratio
with hole mobility up to 1-3x10~ ¢cm?/V.s. Such values are comparable to single P3HT based
FETs with mobility of 2.4-2.6x10~ cm?/V.s [38]. When ZnO NRs are in excess to P3HT
(ratio 1:2), an electron mobility is measured in ODCB and CB. The lack of electron transport
in thin films based on CHCIl; solution can be directly correlated to a reduce dispersion of
nanorods in the polymer and the presence of large ZnO aggregates (see Figure S2). Electrons
are confined in such unconnected aggregates without a percolation pathway through the entire
bulk heterojunction. While both electron and hole transports are observed for ODCB and CB,
more balanced mobilities are obtained for P3HT/1-ZnO blend as active layer processed from
ODCB. Although still low electron transport, an ambipolar transport is measured (see Figure
S8) with a hole mobility up to 1.7x10™ cm?/V.s together with an electron mobility of 1x10°
cm?/V.s. Such observation highlights the great importance of an efficient and homogeneous
dispersion of ZnO NRs in the polymer network for an electron transport and, more
importantly, point also to one of the limitation of P3HT/1-ZnO blends in terms of obtaining
efficient electron transport.

Our work aimed to optimize photocurrent generation properties of P3HT/ZnO blends
based on ZnO NRs via use of p-type semiconductor ligands. However we found that

incorporation of ligand modified ZnO NRs into P3HT leads to polymer blends with relatively
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poor photocurrent generation efficiency although the nanorods are highly dispersed inside the
P3HT. Indeed the ligand modification could improve the dispersion, nanoscale morphology
including surface roughness and layer homogeneity of the blend, but only V.. and FF were
improved towards values that are comparable with polymer blends using fullerene acceptors.
In contrast, the photocurrent is clearly lower than in all organic devices by approximately a
factor 5. Possible reasons for this are the nanoscale morphology of the bulk heterojunction,
charge carrier recombination inside the polymer blends as well as at the interfaces with the
electrodes. From our photoluminescence analyses it was seen that the exciton quenching is
not very efficient compared to blends using fullerene acceptors. In order to understand this
residual lack of fluorescence quenching it is important to take into account the average
distances between ZnO nanorods inside the polymer blends, which can be estimated to be less
than 10 nm from our HR-TEM analysis on the corresponding thin films shown in Figure 5.
Thus the residual excition quenching inside the polymer blend is difficult to be addressed to
low dissociation efficiency of the hybrid interfaces. One reason for this may be the fact that
the incorporation of ZnO NRs reduces strongly the long range crystalline organization of the
P3HT as shown in Figure S4 and S5 making exciton diffusion towards to interface less
efficient. By consequence, only a small amount of excitons reaches the hybrid interface
leading to low photocurrent generation of the P3HT. Another strong limitation of the hybrid
blends is the low electron mobility compared to the hole transport leading to unbalanced

extraction of photogenerated charges and thus increased recombination inside the blend.

4. Conclusion

P-type semiconductor ligand modification of ZnO nanorods was studied to increase the
photovoltaic performance of P3HT/ZnO devices. We could show that both ligand and P3HT

can simultaneously generate photocurrent which is in accordance to our studies on porphyrin
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and phthalocyanine molecules incorporated at hybrid P3HT:ZnO interface. But more
importantly, we could demonstrate the importance of the ligand to the generation of ZnO
aggregate free polymer/ZnO blend for high power conversion efficiency and corresponding
photogenerated charge carrier transport. With the fine tuning of P3HT:ZnO ratio, choice of
the solvent and an optimal surfactant concentration, both p- and n- charge carrier transport
could be optimized inside the blend of P3HT/1-ZnO to form so-called ambipolar FETs
together with a great effect on the photovoltaic parameters (Vqc, Js, FF and PCE). The best
device, based on P3HT/1-ZnO blend as active layer spin-coated from a solution in ODCB at
P3HT:ZnO ratio of 1:2 together with 2 wt% of 1 grafted on ZnO NRs, shows a Js. of 1.94 mA
/cmz, Voo of 0.72 V, FF of 53% and PCE of 0.93% respectively. While FF and V., were
optimized to values comparable to P3HT blends using fullerene acceptors, photocurrent
density was found low even after device optimization. This could be addressed to destruction
of long rang organization of P3HT induced by the presence of the ZnO nanorods as well as
low electron transport inside the blend. To further improve photocurrent generation in such
hybrid polymer blends, development of suitable n-type ligands that improve both
compatibility with the polymer as well as electron transport between ZnO nanorods may lead
to raising power conversion efficiency of hybrid bulk heterojunctions solar cells to level of all

organic devices.
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Table 1: Photovoltaic parameters and thin film roughness of P3HT/1-ZnO composite films as
function of grafted molecules 1 (wt%) (P3HT:ZnO ratio is 1:2 and solvent is ODCB).

wt% of 1 rms (nm) PCE (%) Voo (V) Jo (mA/cm?) FF (%)
0 % 13.02 0.14 0.37 0.92 33
0.5 % 11.71 0.33 0.59 1.19 38
1% 9.99 0.71 0.68 1.72 49
2% 9.69 0.93 0.72 1.94 53
5% 8.66 0.69 0.71 1.66 46

Table 2: Electron (p.) and hole (uy) mobilities of P3HT/1-ZnO composite films as a function
of P3HT:ZnO ratio and solvent.

ratio solvent 1 (cm?/V.s) iy, (cm*/V.s)
1:0.5 ODCB -0 1.7x10°
1:1 ODCB -0 3.7x107
ODCB 1x10° 1.7x10™
1:2 CB 3x107 1x107
CHCl; -0 3.2x10™

() Electron transport is not observed.
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Figure captions

Figure 1: HR-TEM image of ZnO NRs (a), molecular structure of 1 and energy diagram of the
bulk heterojunction solar cell using modified 1-ZnO NRs and P3HT (b), optical image of
orthodichlorobenzene solutions containing ZnO NRs (left) and modified 1-ZnO nanorods
with 2 wt% of 1 (right) (c¢), device structure based on the modified P3HT/1-ZnO blend (d).

Figure 2: (a) Absorption spectra of 1, ZnO NRs and modified 1-ZnO NRs (with 2 wt% of
grafted molecules 1) in CB solution. Absorption (b) and photoluminescence (c) spectra of
P3HT polymer, P3HT/ZnO and P3HT/1-ZnO blends in ODCB solutions with P3HT:ZnO
ratio of 1:2. Emission spectra were obtained upon excitation at 550 nm.

Figure 3: Transient absorption spectra at 10 s after excitation at 520 nm for P3HT/ZnO film
(grey) and P3HT/1-ZnO film (black) from blends in ODCB with P3HT:ZnO ratio of 1:2. The
P3HT/1-ZnO blend contain 2 wt% of grafted molecules 1.

Figure 4: Transient absorption decays of P3HT/ZnO film (grey) and P3HT/1-ZnO film
(black) from blends in ODCB with P3HT:ZnO ratio of 1:2. The P3HT/1-ZnO blend contain 2
wt% of grafted molecules 1. (b) TAS decay normalized for simple as shown in part (a).
Excitation and probe wavelength were at 520 and 975 nm, respectively.

Figure 5: TEM images of solar cell layers based on P3HT/1-ZnO blends in ODCB with
P3HT:ZnO ratio of 1:2 as function of wt% of grafted molecules 1. With 0 wt% of 1, the blend
corresponds to the reference P3HT/ZnO blend.

Figure 6: AFM images of solar cell layers based on P3HT/1-ZnO blends in ODCB with 2
wt% of grafted molecules 1 and a P3HT:ZnO ratio of 1:2.

Figure 7: J-V curves of solar cells based on P3HT/1-ZnO blends in ODCB as function of

P3HT/ZnO ratio for 2 wt% of grafted molecules 1 (a) and as function of wt% of grafted
molecules 1 for P3HT/ZnO ratio of 1:2 (b).
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Figure 3
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Figure 5
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