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THE photovoltaic effect involves the production of electrons and
holes in a semiconductor device under illumination, and their sub-
sequent collection at opposite electrodes. In many inorganic semi-
conductors, photon absorption produces free electrons and holes
directly’. But in molecular semiconductors, absorption creates
electron-hole pairs (excitons) which are bound at room
temperature’, so that charge collection requires their dissociation.
Exciton dissociation is known to be efficient at interfaces between
materials with different electron affinities and ionization potentials,
where the electron is accepted by the material with larger electron
affinity and the hole by the material with lower ionization
potential®. A two-layer diode structure can thus be used, in which
excitons generated in either layer diffuse towards the interface
between the layers. However, the exciton diffusion range is typi-
cally at least a factor of 10 smaller than the optical absorption
depth, thus limiting the efficiency of charge collection®. Here we
show that the interpenetrating network formed from a phase-segre-
gated mixture of two semiconducting polymers provides both the
spatially distributed interfaces necessary for efficient charge photo-
generation, and the means for separately collecting the electrons
and holes. Devices using thin films of these polymer mixtures show
promise for large-area photodetectors.

Conjugated polymers have been used for thin-film semicon-
ductor devices, including transistors® and light-emitting diodes
(LEDs)’, and chemical modification of the polymer structure has
allowed control of energy gap, electron affinity and ionization
potential. The poly( p-phenylenevinylene)s, PPVs, are good hole-
transporting materials and are widely used. The addition of
cyano groups to a dialkoxy derivative of PPV forms the CN-
PPV shown in Fig. 1, and this increases the ionization potential
and electron affinity by ~0.5 eV, giving better electron injection
and transport properties®. The availability of these electron- and
hole-transporting polymers has allowed the fabrication of two-
layer LEDs, where the electron and hole currents are controlled
by the interface formed between PPV and CN-PPV’.
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FIG. 1 Schematic diagram of the polymer photodiode, showing the two
polymers used to form the interpenetrating network (ITO, indium tin
oxide). The devices were fabricated by spin-coating various ratios of the
polymer mixture from solution onto ITO-coated glass substrates, on
which SiO insulating strips had been previously evaporated. The strips
define the active area of the device and prevent short-circuits when
contact is made to the electrodes. The films were annealed in vacuo
at 100 °C for several hours to remove any residual solvent or surface
contamination. Metal contacts were subsequently evaporated onto the
film without breaking the vacuum.

We report here work on mixtures of a soluble PPV deriva-
tive,  poly(2-methoxy-5-(2'-ethyl)-hexyloxy-p-phenylenevinyl-
ene), MEH-PPV®, and CN-PPV. It is well known that mixtures
of polymers tend to phase segregate on account of the low
entropy of mixing®. To investigate the phase segregation of our
polymer mixtures we have used a combination of transmission
electron microscopy (TEM), scanning transmission electron
microscopy (STEM) and parallel electron-energy-loss spectros-
copy (PEELS). Thin films (~100 nm) of the mixtures were pro-
duced by spin-coating from a solution in chloroform onto a glass
slide. We have used measurements of optical absorption to show
that FeCl; does not dope CN-PPV but can oxidatively dope
MEH-PPV throughout the thickness of these films, forming sub-
gap absorption bands at 0.6 and 1.6 eV, characteristic of doped
polymers of this type'®. This makes it possible to stain the MEH-
PPV selectively. We see clear evidence for phase separation for
the whole range of compositions studied; we show here micro-
graphs for compositions of MEH-PPV :CN-PPV of 7:1 and
1 :10 (by weight) as these produce particularly clear images. The
TEM bright-field image, Fig. 2a, and a STEM annular dark-
field image of a mixture, Fig. 2b, clearly demonstrate that there
is phase separation on the scale of 10-100 nm, as expected for
films of this thickness. Performing PEELS with STEM allows
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FIG. 2 a, Bright-field transmission electron micrograph
demonstrating the presence of a phase-segregated,
interpenetrating network of stained MEH-PPV (dark
regions) and CN-PPV (light regions). In the annular dark-
field STEM image (b) we associate the light regions with
MEH-PPV, which is verified by the characteristic iron L-
edge peak in the energy-loss spectrum (c) measured at
position A. The dark regions do not contain iron, as
shown by the spectrum from position B. Micrograph a
was obtained from a 1:10 mixture (by weight) of MEH-
PPV and CN-PPV, and micrograph b from a 7:1 mixture.
Films were spin-coated onto glass substrates, and
floated off in water onto 3-mm-diameter gold electron-
microscope grids. The samples were then stained using
0.5 wt% FeCl; solution in methanol or methanol/
chloroform.

the acquisition of energy-loss spectra from areas ~1 nm in size.
From the spectra in Fig. 2¢ we see that iron is present only in
the lighter regions of the dark-field image, showing the presence
of MEH-PPV in these regions and its absence in the dark
regions. The details of the microstructure are best seen in the
TEM image, Fig. 2a, which shows evidence for formation of
interpenetrating networks within the plane of the film.
Evidence for photoinduced charge transfer is provided by
quenching of photoluminescence. Blends of MEH-PPV with the
electron-acceptor fullerene, Cq, have been extensively
investigated'"'?, and show very efficient quenching (a factor of
10* for a blend of composition 1:1 by weight'?), as expected for
intimate mixing of donor and acceptor species. Figure 3 shows
the absolute photoluminescence quantum efficiencies of a range
of MEH-PPV /CN-PPV mixtures, measured using an integrating
sphere'’. We measured values for MEH-PPV and CN-PPV of

FIG. 3 The absolute photoluminescence efficiency of the polymer mix-
ture (prepared as thin (100 nm) films on quartz substrates) plotted as
a function of composition. Excitation was at a wavelength of 457.9 nm.
The line shown is a guide to the eye. The photoluminescence spectra
of the mixtures are a combination of features due to pure MEH-PPV®
and pure CN-PPV emission’.
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10% and 32% respectively, similar to values reported
previously'?, and found quenching to a level of around 2% to
5% for the mixtures in the composition range 1:4 to 4:1 by
weight. This substantial but incomplete quenching is as
expected'® for an exciton diffusion range of 10 nm, given the
scale of phase segregation observed in the electron micrographs
shown in Fig. 2. We propose that excitons are dissociated at the
dispersed interfaces by transfer of electrons to the CN-PPV and
of holes to the MEH-PPV.

Photovoltaic cells were prepared with a polymer layer sand-
wiched between electrodes with different work functions, as used
in polymer-based LEDs (Fig. 1). Figure 4a shows the current-
voltage characteristics of a polymer-mixture device, both under
illumination of 0.15 mW cm > at a wavelength of 550 nm, and
in the dark. In the dark, the device exhibits a rectification ratio
of 10% at £3.5 V. Under illumination, devices of this type show

0-35 T T T T
0.30
0.25

0.20

Photoluminescence efficiency

1 1 1 1
0.0 0.2 0.4 0.6 0.8 1.0
Weight fraction of CN-PPV

499



LETTERS TO NATURE

a 30 T ] L] T T L 1

| 10? per———r—r—r——— o]
& 5 . o
) light ] light °
E 20} 1 _ g .

o

< | 10?2 . o’ 4
= [ dark ] o°
2 L " o
= 10 o
a 10 o .
5 N 1 o gk ot
° B " M " " 2 " i o r o'
= O 0 1 2z 3 ° a_.-°
() 00° oo®® .*
= 0 . 65, ooe® .
3 509°
o 00°

- 0000000000000 -

00!
Ooocc,ooo
-10 oo 1 1 1 1 1 1

Voltage (V)

FIG. 4 a, The current-voltage characteristics of an ITO/(MEH-PPV/CN-
PPV mixture)/Al device in the dark, and under illumination at a wave-
length of 550 nm and intensity of 0.15 mW cm™2. (Inset, the same data,
with a logarithmic current axis). b, The spectral responses of the short-
circuit photocurrent through an ITO/polymer/Al device. Currents have
been corrected for the lamp—monochromator system response and
scaled to give a peak current of unity for all devices. Intensities of

a strong photoresponse, with open-circuit voltages of 0.6 V, and
short-circuit currents which correspond to quantum efficiencies
of up to 6%. Under forward or reverse bias, the quantum effi-
ciencies rise rapidly, reaching 15% at a reverse bias of 3.5V,
40% at 10 V, and considerably higher values under forward bias.
These performance figures are very much better than those for
similar devices made with aluminium electrodes and either
MEH-PPV or CN-PPV alone. We found quantum yields of
0.04% for the short-circuit photocurrent at the peak response
energy (2.2 eV) in the devices made with MEH-PPV, and of the
order of 107% for those made with CN-PPV at 2.8 eV. (Note
that better efficiencies are seen for single-polymer devices if
cathodes with lower work functions are employed, such as Ca
and Mg'>'¢)

The spectral response of photodiodes of this type provides
detailed information about the device operation. Figure 4b
shows the spectral dependence of the short-circuit current for
devices made with the polymer mixture and with the individual
polymers. We find that the spectral response of the mixture
device matches the absorption (also shown in the figure) very
closely, and we consider that this is excellent evidence for efficient
charge generation and transport to the device electrodes. In con-
trast, the devices made with the individual polymers show more
complicated spectral responses'>'”'®, For example, the peak in
response for PPV at the absorption edge is attributed to electron
trapping in the photogeneration region'”.
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incident light were of the order of 0.1 mW cm™2. The absorption spec-
trum of the MEH-PPV/CN-PPV film, presented as (1 —transmission) for
a film of the same thickness, is also shown. The polymer mixture here
consisted of equal masses of the two components, but very similar
results were found for mixtures of different ratios, including 7:1 and
1:10 (by weight).

The properties of these phase-separated polymer-mixture
devices are essentially different to those of devices made with
polymers blended with small molecules, as exemplified by the
conjugated polymer/Cg, blends'"'?. The latter show very effi-
cient photoinduced charge transfer, but only one of the photo-
generated charges is mobile. Such blends can be used to provide
unipolar transport, as exploited in some of the organic photo-
conductors used in xerography'®. In contrast, the morphology
of the phase-separated materials which we report here allows
both photogenerated electrons and holes to be transported to
the electrodes before recombination occurs. Collection of both
carrier types is necessary for operation in a photovoltaic mode.

Polymer morphology has been used to control electronic prop-
erties in other ways. For example, Berggren et al.”® showed that
the self-organizing property of polymer mixtures can be used in
polymer LEDs to obtain voltage-controlled colour sources.
Also, Yang and Heeger®' have used a conducting polyaniline
network as a ‘grid’ in a polymer-based solid-state triode. An
alternative approach to producing photodiodes was adopted by
O’Regan et al.*®> who used sintered rutile coated with a ruthen-
ium dye to achieve a large surface area for efficient charge dissoc-
iation. The phase-separated polymer photodiodes that we have
presented here have not yet been optimized for use for solar
energy conversion. However, we foresee particular interest in
their use for large-area, flexible photodetectors, as required for
example in medical imaging®.

Note added in proof: Similar measurements of photoelectric pro-
perties have recently been performed by Yu and Heeger®. [
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