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ABSTRACT

Solar cells based on poly(3-hexylthiophene) (P3HT) : TiO, nanocomposite films were investigated. We studied the
influence of the nanoparticle concentrations and different nanostructures (spherical particles with size ~5 nm and ~20-
40 nm, and rods with diameter ~10 nm and length ~40 nm) on the performance of the nanocomposite solar cells. PL
guenching and improved external quantum efficiency (EQE) was observed for al the nanocomposite devices compared
to that of prigtine P3HT solar cells. However, TiO, (~5 nm spheres) and TiO, rods showed only small improvement in
EQE. The small improvement for the 5 nm TiO, spheres was attributed to the lack of connectivity of nanoparticles for
electron conduction. Therefore, the charge collection efficiency was limited. For TiO, rods, the tendency of the rods to
lie in the plane of substrates also limited the charge conduction and collection in the direction perpendicular to the
substrates. Therefore, the improvement of the devices made by these nanoparticles was limited. For TiO, (20-40 nm
spheres) with optimal concentration, externa quantum efficiency up to 15% and AM1 power conversion efficiency of
0.42% were obtained. The improvement in the efficiency was related to the improved morphology of the film and was
attributed to the formation of percolation paths of TiO, for electron conduction.
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1. INTRODUCTION

Polymer photovoltaic has been one of the main research topics in the field of optoelectronics due to the smple
and economic fabrication process. Up to 2.5% AM1.5 power conversion efficiency with bilayer polymer solar cells' and
2.9% AM1.5 power conversion efficiency with bulk-heterojunction structure? have been reported. Although the power
conversion efficiency has been significantly improved, it is gill not high enough for any applications. The main reasons
for the low power conversion efficiency are incomplete coverage of solar light spectrum, short exciton diffusion length
and low carrier mobility. The coverage of solar light spectrum of the overall devices can be improved by using two
organic materials with complementary absorption spectrum. Short exciton diffusion length limits the exciton
dissociation efficiency since each photoexcited exciton has to diffuse to the organic-organic interface or organic-meta
interface for dissociation into free carriers which are subsequently collected by the appropriate electrodes for
photocurrent generation. This limitation can be overcome by using bulk-heterojunction structure. In bulk-heterojunction
solar cells, the active layer is made by two different materials, such as CuPc(copper phtha ocyanineg): Ceo(fullerene)
mixed layer in molecular solar cells*® and polymer:PCBM (methanoful lerene) composite layer in polymer solar cdlls.®’
The two materias indgde the active layer form large interface area for exciton dissociation. Moreover, by proper
adjusting the ratio between the two materials, the carrier collection efficiency can be increased because of the formation
of percolation path of each material.>® These factors will help to increase the power conversion efficiency. However,
low mobility, especially the electron mobility (with the exception of Csand its derivatives), is the intrinsic property of
organic materials. In most organic materials, the hole mobility is much higher (2 order of magnitudes) than the e ectron
mobility. Since the photocurrent consists of hole-current and electron-current, low electron mobility will limit the
magnitude of photocurrent. The use of inorganic nanoparticles with high eectron mobility along with hole-conducting
polymer in bulk-heterojunction solar cells seems to be promisng to overcome this intrinsic limitation of organic
materials while keeping the ease of solution fabrication process.
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Huynh et al. have demonstrated 1.7% AM1.5 power conversion efficiency by using poly(3-hexylthiophene)
(P3HT):CdSe nanorods composite as the active layer of their devices.® They also found that the shape and size of the
nanoparticles affected the device performance. The highest external quantum efficiency (EQE) of 55% at 485 nm was
obtained with 7 nm x 60 nm nanorods. ® However, majority of the solar cells using nanocomposite active layer reported
very low efficiency.’®* The use of carbon nanotubes (CNT) in bulk-heterojunction solar cells seems promising to
improve electron conduction in the active layer. However the power conversion efficiency was only 0.06%." The low
efficiency of their devices may due to the tendency of CNT to lie in the plane of substrate. This will limit the electron
conduction and result in low charge collection efficiency. Breeze et al. have investigated comprehensively the influence
of TiO, morphology to the devices performance.*® They found that the devices with nanocomposite active layer showed
only 6.4% EQE and 0.002% power conversion efficiency. The main reasons for the low power conversion efficiency
might be the discontinuity of TiO, nanoparticles. The isolated nanoparticles within the polymer films trapped the
electrons which subsequently recombined with the holes nearby in the polymer. Recently, Sun et al.** showed 1.8%
AM1.5 power conversion efficiency by using CdSe nanoparticles. The CdSe tetrapods could prevent the lying of
nanoparticles in the plane of polymer films. This enhanced the electron conduction in the direction perpendicular to the
plane of the films and enhanced dectron collection efficiency.

In this work, we have investigated the influence of nanoparticle concentrations and different nanostructures on
the peformance of polymer nanopartticle bulk-heterjunction solar cells The solar cdl dructure is
I TO/PEDOT: PSS(poly(ethyl enedioxythi ophene) blended with poly(styrenesulfonate))/P3HT: TiO./Al.
Photoluminescence (PL) and atomic force microscopy (AFM) are used to characterize the optical properties and film
morphology respectively. The solar cells performance is characterized by current-voltage (1-V) measurement in the dark
and under 100mW/cm? AM1 illumination and by measuring the EQE at different wavelength. The paper is organized as
follows. In the following section, experimental details are given. In Section 3, obtained results are presented and
discussed. Finally, conclusions are drawn.

2. EXPERIMENTAL DETAILS

Indium tin oxide (ITO) coated glass substrates with sheet resisteance of 10 ochms/square were supplied by
China South Glass Holding Co. Ltd., Shenzhen, China. Patterned ITO glass substrates were cleaned in ultrasonic bath
using toluene, acetone, ethanol, and de-ionized water. PEDOT:PSS (Elec grade) and regioregular P3HT were purchased
from Aldrich. TiO, nanoparticles with particle size 20-40 nm (solid spherical particles, anatase/rutile structures), denoted
as TiO,-large spheres, were purchased from Nanopowder Enterprises. Rutile-TiO, nanorods with 40 nm in length and 10
nm in diameter (denoted as TiO,-rods) and anatase TiO, spheres with sze of 5 nm (denoted as TiO,-small spheres) were
purchased from Nanostructured and Amorphous Materias Inc. All materials were used as received. 30 nm of
PEDOT:PSS was spin-coated on top of the ITO substrates. The films were then baked at 110°C under vacuum for 24 h.
After that, ~100 nm of P3HT layer or P3HT/TiO, nanocomposite layer were spin-coated on top of the PEDOT:PSS
coated ITO substrates. The P3HT solution were prepared with xylene and kept at 50°C in order to obtain a concentration
high enough (~10mg of P3HT/ml) for spin-coating 100 nm thick films. Then different amount (by weight %) of TiO,
were added to the solution and kept in a warm ultrasonic bath for dispersion before fabrication. All P3HT or P3HT:TiO,
films were baked at 110°C under vacuum for ancother 24 h. Finaly, Al eectrode was deposited thermally under high
vacuum (10°® torr). The thickness of all the layers has been verified by step profiler. The structure of the films for AFM
measurement was I TO/PEDOT:PSS/P3HT: TiO, which was the same structure as the solar cells..

The room temperature photoluminescence of the P3HT:TiO, composite films and the pure P3HT film was
measured using HeCd laser excitation source (325 nm). AFM of the films was measured by Digita Instruments
Nanoscope |11 operating in dynamic mode. Current-voltage (I-V) characterisic was measured by computer driven
Keithley 2400 source-measurement unit. For white light efficiency measurements, Oriel 66002 solar simulator with
AML1 filter was used. For EQE measurement, Oriel Cornerstone monochromator was used.

3. RESULTSAND DISCUSSION

In our previous studies, we found that the device performance of ITO/PEDOT:PSS/P3HT:TiO2(20-40 nm)/Al
was very sensitive to the solvents used. The obtained power conversion efficiency ranged from 0.42% (spin-coated from
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xylene) to 0.033% (spin-coated from tetrahydrofuran).’® This can be attributed to preferential solvation of Teelectron
conjugated segments in aromatic solvents.’® Therefore, the devices and the composite films for PL and AFM
measurements in thiswork are spin-coated from xylene solutions.

Figure 1 shows the energy diagram and the device structure of the solar cells. The energy levels of the materials
were published in Refs.'™® As shown in Figure 1, it is energetically favorable for photoexcited dectrons in P3HT to
transfer to TiO, nanoparticles. Figure 2 shows the PL of P3HT:TiO, film with different nanostructures at optimal
concentration as well as the pristine P3HT film. The PL intensity of all P3HT:TiO, nanocomposite films is quenched
compared to that of pristine P3HT films. This further supports the hypothesis that photoexcited electrons are transferred
to the TiO, nanoparticles. This quenching of PL intensity also indicates an improvement in exciton dissociation
efficiency due to large interface area formed between the nanoparticles and P3HT. The degree of PL quenching of both
spherical nanoparticlesis significant while that of nanorodsis mild. This shows that exciton dissociation should be more
efficient in composite films containing spherical nanoparticles than films containing nanorods. It can be explained as
larger interfacial area formed between spherical nanoparticles and P3HT than that formed between nanorods and P3HT.
The improvement in exciton dissociation for all nanocomposite films is expected to have beneficia effects to the
performance of solar cdlls.
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Figure 2. PL intensity of P3HT:TiO, with different nanostructure at optimal concentration.
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We have investigated the influence of the concentration of different TiO, nanoparticles on the solar cell
performance. As expected, the best performance of devices fabricated with different TiO, nanostructure is obtained at
different optimal concentration. The concentration to achieve the best device performance is 40% for TiO,-rods, whileit
is 60% for both TiO,-large spheres and TiO,-small spheres. Similar trends with concentration have been observed for
different nanoparticles (Figure 3). The most sensitive parameter is short circuit current density (l). Figure 3 shows the
normalized short circuit current density of devices made with different TiO, at different concentrations. At low
concentrations, the short circuit current dendty is not much improved or even worse compared to that of the pristine
P3HT devices. Thisis atributed to the lack of connectivity of nanoparticles within the polymer matrix. Therefore, the
“dead end” of TiO, paths may trap the electrons which may recombine with the holes in the polymer matrix.”® Thus, the
performance of the devices is limited by charge collection efficiency even though exciton dissociation efficiency has
been improved. |, kegpsincreasing until it has reached a maximum value at optimal concentration of TiO,. At this point,
TiO, nanoparticles form percolation path for e ectron conduction to the cathode while holes are transported to the anode
through the polymer matrix. At this concentration, the power conversion efficiency of the devices is significantly
improved. For the best device, the devices fabricated with P3HT:TiO,-large spheres (60% by weight), we obtain
2.76mA/cm? for short circuit current density, 0.44V for open circuit voltage and 0.36 for fill factor. Thisresultsin 0.42%
AM1 power conversion efficiency at 100mW/cm? light intensity compared to the value of 0.059% with pristine PSHT
devices. However, with further increase of the concentration of TiO, nanoparticles, the film becomes too rough and non-
uniform resulting in significant decrease of |s.. Therefore, devices with good performance cannot be fabricated. At too
low or too high concentration, the nanocomposite device performance is only comparable to or even worse (in some
cases) than the performance of the devices with pristine P3HT.
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Figure 4 shows EQE of the devices with different TiO, nanostructures at optima concentration. The EQE of
TiO,-rods devices, TiO,-small spheres devices and pristine P3HT devices has been multiplied by a factor of 10. The
EQE of all devices with nanoparticles is higher than that of the devices with pristine P3HT. It is because the exciton
dissociation efficiency is improved in the nanocomposite active layer by the large interface area formed between the
nanoparticles and P3HT. However, exciton dissociation efficiency is not the only limiting factor in organic solar cells.
The performance of TiO,-rods devices is better than that of TiO,-small spheres devices even though the degree of PL
guenching of TiO,-rods films is smaller than that of TiO,-small spheres films. The reason is that it is easier to form
nanoparticle networks for electron conduction using nanorods with 40 nm in length than using spherical nanoparticles
with 5 nm sze. Therefore, the higher EQE obtained can be attributed to the higher charge collection efficiency of TiO,-
rods devices than that of TiO,-small spheres devices. However, the performance is still not improved significantly. The
reason may be due to the tendency of the nanorods to lie parald to the plane of the substrates as proposed by Sun et
al.™. Thislimitsthe electron conductivity in the direction perpendicular to the substrate. Therefore, the charge collection
is till limited. To overcome this problem, we have also fabricated devices with spherical TiO, with size of 20-40 nm,
similar to the length of nanorods. The EQE of P3HT:TiO,-large spheres devices is order of magnitude higher that of
P3HT:TiO,-small spheres cells and P3HT: TiO,-rods cells. The better performance can be attributed to higher electron
collection efficiency. As for spherical nanoparticles, there is no preferential alignment of nanoparticles to the substrate
asit isthe case for nanorods. Therefore, the electron conduction in the direction perpendicular to the plane of substrate
has been improved. Therefore, electron collection efficiency is improved. This is in agreement with other report in
which they found that devices made with CdSe tetrapods gave better electron collection efficiency compared to devices
made with CdSe nanorods.** Comparing devices made with different spherical nanoparticles, it is easier to form
nanoparticle networks with larger spheres (20-40 nm) than with small spheres (5 nm) for eectron conduction. Therefore,
TiO,-large spheres devices shows much higher EQE than that of TiO,-small spheres devices even though both films
made by spherical nanostructures have similar degree of PL quenching. For the TiO,-large spheres devices, we obtain
EQE of 15% peaked at 490 nm.
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Figure 4. EQE of solar cels with different TiO, nanoparticles, the signal of device with pristine P3HT, P3HT:TiO,-rod and
P3HT:TiO,-small spheres has been multiplied by 10.

It has also been shown that the film morphology and phase-separation of the two constituents affect the device
performance seriously.! Therefore, we have characterized the nanocomposite films usng AFM. Figure 5 shows the
topography (left) and phase contrast image (right). The topography of all composite filmsis similar. The rms. roughness
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of al composite filmsisaround ~20 nm. However, large differences have been observed for their phase contrast images.
For 5 nm TiO, spheres, the nanoparticles are distributed separately in the polymer matrix. Therefore, the eectron
conduction through the nanoparticlesis limited due to the absence of connectivity in nanoparticle networks. This causes
the devices to have poor performance. For TiO,-rods, the connectivity of TiO, domains in the nanoparticle network is
improved. This improves the electron conduction of the composite films. However, it is suspected that the nanorods
improve eectron conductivity only in the direction parale to the plane of substrate due to the tendency of the nanorods
to align parald to the substrate. Therefore, the improvement of TiO,-rods devices is not very significant. For 20-40 nm
TiO, spheres, the nanoparticles form a larger domain for electron conduction. It is also expected that the improvement
of electron conduction is in al direction for a spherica particles. Therefore, devices with these larger spherical
nanoparticles show significant improvement.
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Figure 5. AFM topography (left) and phase contrast (right) images of P3HT:TiO, films on top of
PEDOT:PSS covered ITO substrates. a) TiO,-small spheres, b) TiO,-rods and c) TiO,-large spheres
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4. CONCLUSIONS

We have investigated the influence of size and shape of different TiO, nanoparticles and their concentration to
the performance of organic solar cells. PL quenching is observed for al nanocomposite films which indicates higher
exciton dissociation efficiency. Therefore, we have also found that the performance of the devices with nanocomposite
layer is better than that of the devices made by pristine P3HT. However, only small improvement is obtained with TiO»-
rods devices and TiO,-small spheres devices. Thisis dueto limited electron conduction in the direction perpendicular to
the substrates. This will in turn limit the electron collection efficiency and the power conversion efficiency. The best
performance is obtained with 20-40 nm TiO, spheres consisting of anatase and rutile structure at 60% concentration by
weight. It is because the eectron collection efficiency has been greatly improved due to the formation of continuous
nanoparticle networks for electron conduction. The obtained AM1 power conversion efficiency and EQE are 0.42% and
15% (peaked at 490 nm), respectively. This performance is an order of magnitude larger than that of devices made with
pristine P3HT.
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