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ABSTRACT

We present time-resolved photoluminescence studies in conjunction with device characterization of a variety of
heterojunctions with poly-(3-hexylthiophene), or P3HT, as a means to understand how exciton dynamics affect device
performance. We find that blends of P3HT with the electron-transporting polymer CN-ether-PPV and with the fullerene
derivative PCBM result in ~4-fold and ~15-fold improvements in short-circuit currents, respectively, over neat-film
P3HT on TiO, solgel. Despite efficient charge-transfer in P3HT:PCBM films, as evidenced by enhanced device
performance and quenched steady-state luminescence, we observe only moderate reduction of the excited state lifetime,
due to the already efficient non-radiative pathways in P3HT. We observe evidence for a new state that we assign to an
exciplex in blends of P3HT with the electron-transporting polymer CN-ether-PPV. The exciplex state, which confirms
the existence of charge-transfer between the two polymers, may account for the enhanced device performance of these
blends by acting as a scavenger for excitons that would otherwise decay rapidly via non-radiative pathways. The long-
range order of P3HT is disrupted when spin-cast on rough TiO, nanoparticles, and this results in a blueshift of the PL
spectrum and a new long-lived decay component that we attribute to long-lived intrachain polarons. P3HT on smooth
TiO; solgel films shows little or no quenching of the excited state, despite known charge transfer from P3HT to TiO,.
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1. INTRODUCTION

Heterojunctions of polythiophenes with a variety of electron-transporters (such as PCBM, metal oxides, and other
conjugated polymers) have been widely studied as a means to improve the power conversion efficiencies of polymer
photovoltaics. By providing multiple exciton dissociation sites, as well as separate charge transport pathways for
electrons and holes, both charge generation and collection efficiency may be improved through the use of
heterojunctions. P3HT has been considered a promising candidate for high-efficiency photovoltaics because of its semi-
crystalline nature and tendency to form lamellar structures. This ordered morphology enhances charge transport and
mobility, especially in regio-random versions of the polymer'~, and P3HT has field effect hole mobilities up to 0.1
em®V~'s™ | the highest yet observed”. The drawback of P3HT is high variability of the polymer purity and molecular
weight, depending upon synthesis and purification techniques. P3HT on mesoporous TiO, films has yielded power
efficiencies of ~0.45% under AM1.5*. P3HT has been successfully combined with CN-PPV, resulting in enhanced
photocurrents and quenching of the photoluminescence of CN-PPV, indicating charge transfer between the two species”.
P3HT:CdSe nanorod blends have achieved power efficiencies of 1.7% under AM1.5°. P3HT:PCBM devices have been
well characterized and are known to have high photoluminescence quenching, and high short-circuit currents up to 8.5
mA/cm?” and power efficiencies of 3.5%’.

Time-resolved photoluminescence studies are a powerful way to examine exciton dynamics in thin films, giving insight
into the mechanisms of exciton decay and charge-transfer. The simplest model (see below) suggests that upon excitation
of a species X to X', that species may relax to form inter- or intra-chain excitons (A", BY), which may decay radiatively
or non-raditiavely, or interconvert. Each process is characterized by a rate constant k. Thus, in neat film one can expect
to find at least two decay components, attributable to A" and B”.
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Charge-transfer to another material, such as PCBM, introduces a new, efficient rate constant which competes with these
processes and, theoretically, reduces the overall decay time of the exciton. We combine device characterization on
several P3HT heterojunctions with steady-state and time-resolved photoluminescence for additional insight into how
these exciton dynamics affect device performance.

2. METHODOLOGY

We chose regio-regular poly-(3-hexylthiophene), or P3HT, as our hole-transporter. P3HT was purchased from Aldrich
and purified using the Soxhlet procedure (first in hexane and then in chloroform) to obtain pure samples with a number-
average MW ~20,000 as determined by GPC analysis. We used a variety of electron-transporting materials, including
[6,6]-phenyl C61-butyric acid methyl ester, or PCBM (a soluble derivative of Cgp; purchased from Nano-C), titanium
dioxide solgel® (synthesized in our labs), titanium dioxide nanoparticles (~13 nm suspended in water; purchased from
Solaronix) and the electron-transporting polymer CN-Ether-PPV’. CN-Ether-PPV is a derivative of the relatively
insoluble CN-PPV and is designed to increase solubility and electron affinity relative to CN-PPV. Part of our work also
includes the hole-transporter M3EH-PPV, which is an alternating copolymer of the well-characterized semiconducting
polymer poly(2-methoxy-5-(2’-ethylhexyloxy)-1,4-phenylene-vinylene) or MEH-PPV. M3EH-PPV was synthesized by
Horner reaction and has optical properties very similar to MEH-PPV'®. Both M3EH-PPV and CN-ether-PPV were
provided courtesy of H.-H. Hoerhold and H. Tillmann at the University of Jena in Germany. Organic structures are
shown in Figure 1, below.
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Figure 1. Polymer and material structures

TiO; solgel and nanoparticles are spin-cast and then annealed at 450°C for 1 hour. A transparent semiconductor, TiO,
acts as an electron-transporter and hole-blocker due to its energy level structure. TiO, has been shown to improve device
performance over bare ITO®. Devices are prepared and characterized as described elsewhere''.

Current-density vs. voltage curves were measured using a 2400 Keithley source meter. Illumination is provided by a
white light Xenon bulb with an output of approximately 80 mW/cm?”. Absorption spectra are taken on a Varian optical
spectrometer. Thickness measurements are made using an atomic force microscope in contact mode and imaging is
performed using a Nikon upright optical microscope with a transmission light source.

Steady state photoluminescence spectra were recorded using a Fluorolog-3 (JYHoriba) spectrometer that utilized a liquid
N, cooled CCD detector. Monochromatic excitation light was generated by a Xenon arc lamp with double
monochromator. Fluorescence was collected at 22° (45° for solutions) relative to the excitation beam, passed through a
single monochromator containing a 300 line/mm grating and imaged on the liquid nitrogen-cooled CCD array. All PL
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spectra were corrected for the spectral output of the excitation source and for the spectral response of the detection
optics.

Fluorescence decay signals were measured using the technique of time correlated single photon counting (TCSPC)".
The spectrometer comprised a pulsed, picosecond diode laser (IBH NanoLED-10) operating at a wavelength of 438 nm
and a repetition rate of 1 MHz. Emission was detected at 22° (45° for solutions) to excitation by focusing the emission
onto the slits of a 0.25 m monochromator (SPEX mini mate) and subsequently detected by a photon counting
photomultiplier tube (Hamamatsu H6279). The instrument response function (IRF) from this system when scattering the
excitation light from a dilute solution of colloidal silica was determined to be 220 ps. Using a non-linear, least squares
iterative deconvolution procedure'? employing the Marquardt minimization routine, the influence of the IRF could be
removed from the measured luminescence decay curves to reproduce the true decay kinetics with a temporal resolution
of ~ 30 ps.

3. RESULTS

3.1 Device performance

J-V curves for the various device types are shown below in Figure 2. Neat film P3HT devices (on a TiO,//Au structure)
exhibit short circuit currents around 0.36 mA/cm? with a Ve 0f 0.60 V and 42% FF, comparable to currents obtained in
other studies®. Analogous structures on TiO, nanoparticles are expected to produce currents about twice as high, based
on experiments on similar devices. P3HT devices on a PEDOT//Al architecture performed poorly (Jyc < 0.001 mA/cm?,
Voo = 1.3 V) presumably because the transparent PEDOT cathode forces the poorly mobile electrons to cross the bulk
from the P3HT/Al interface. Blends of P3HT with the electron-transporting polymer CN-ether-PPV had short-circuit
currents up to 1.7 mA/cm? (Voe =0.94 V; FF = 24%). The fourfold improvement in current over neat film P3HT
indicates efficient charge transfer from P3HT to CN-ether-PPV (and vice versa), as does the increase in V. due to the
separation of electrons and holes to the HOMO of P3HT (~5.0 eV) and the LUMO of CN-ether-PPV (3.5 eV). The
concomitant drop in FF suggests that charge transport is compromised in the blend. This may be due to the indirect
charge pathways present in a phase-separated blend, or by high leakage in CN-ether-PPV, as suggested by the inability to
fabricate a working photovoltaic from CN-ether-PPV alone as well as poor fill factors for other CN-ether-PPV blended
devices. Unlike blends of M3EH-PPV:CN-ether-PPV, P3HT:CN-ether-PPV blends did not perform well on PEDOT//Al
architecture, indicating that charge transport is not bipolar in the P3HT blends and performance is still severely limited
by poor electron transport. Not surprisingly, 1:4 blends of P3HT:PCBM outperformed all other structures, with currents
as high as 5.6 mA/em’ (Voo = 0.63 V; FF = 34%). Power efficiencies range from ~ 0.1% (TiO,/P3HT) to 1.5%
(P3HT:PCBM).

67 [ 1:4 P3HT:PCBM @ 3000rpm ré
=+ 1:4 P3HT:PCBM @ 1000rpm
5 |---- 1:1 P3HT:CN-ether-PPV PRS-
——TiO,/P3HT
4 -4 <
3 AT L3 X
- Rt (@]
_/"’ 3
27 iy L2
A
1+ ST 1
----- - _’:
0 Tttt |- T //f T T 0
-1.0 -0.8 -0.6 -0.4 -0.2 0.0
Voltage (V)

Figure 2. J-V curves for P3HT heterojunctions. Device thicknesses are 50-100 nm, except for the PCBM blend spun at 1000 rpm,
which is 260 nm. All devices are on TiO, solgel//Au structure, except PZHT:PCBM devices, which are on PEDOT//AL structure and
sourced negative so that all J-V curves appear in the same quadrant for ease of comparison.
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