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Photoexcited electron transfer between donor and acceptor
molecular semiconductors provides a method of efficient charge
generation following photoabsorption, which can be exploited in
photovoltaic diodes1–3. But efficient charge separation and trans-
port to collection electrodes is problematic, because the absorbed
photons must be close to the donor–acceptor heterojunction,
while at the same time good connectivity of the donor and
acceptor materials to their respective electrodes is required.
Mixtures of acceptor and donor semiconducting polymers3,4 (or
macromolecules5) can provide phase-separated structures which
go some way to meeting this requirement, providing high photo-
conductive efficiencies. Here we describe two-layer polymer
diodes, fabricated by a lamination technique followed by
controlled annealing. The resulting structures provide good
connectivity to the collection electrodes, and we achieve a short-
circuit photovoltaic quantum efficiency of up to 29% at optimum
wavelength, and an overall power conversion efficiency of 1.9%
under a simulated solar spectrum. Given the convenience of
polymer processing, these results indicate a promising avenue
towards practical applications for such devices.

Applications involving conjugated polymers include light-emit-
ting diodes, thin-film transistors, sensors and photovoltaic
devices6–10. The last use the photovoltaic effect, by which electrons
and holes are produced, and collected at electrodes when a semi-
conductor device is illuminated. In inorganic semiconductors, the
photogenerated electrons and holes are free, whereas in the organic
materials the absorption creates bound electron–hole pairs (exci-
tons). These can be dissociated by the use of combinations of
materials, one with small ionization potential and good hole-
transport properties and the other with large electron affinity that
acts as electron-transport material. This route has proven successful
for organic photovoltaic devices, both as multilayer devices11–13 and
single-layer blend devices. The blends can be either polymer
blends3,4 or blends created by mixing molecular substances, such
as C60 into a polymer matrix5,14. If this can be done so that a
percolation path for the charge carrier is created, the efficiency of
the devices is increased dramatically15.

We use here a cyano derivative of poly(p-phenylene vinylene),
MEH-CN-PPV (refs 16–18), as electron acceptor, and a derivative

of polythiophene, POPT (refs 19–21), as hole acceptor. The
structures of these are shown in Fig. 1a. The two polymers are
soluble in chloroform or toluene, and are therefore conveniently
mixed in solution. The structure of the laminated diodes is shown in
Fig. 1b; these are assembled by forming a POPT-rich film on the
ITO- or PEDOT-coated glass and an MEH-CN-PPV-rich film on
the aluminium or calcium-coated glass substrate, and performing
the lamination at an elevated temperature (here ITO is indium tin
oxide; PEDOT is described in Fig. 1 legend).

If exciton splitting occurs in a blend of fluorescent polymers, it is
usually faster than its radiative decay and can therefore be observed
as photoluminescence (PL) quenching3. We measured the absolute
PL efficiency using an integrating sphere as described previously22,
using excitation of wavelength 488 nm. In the MEH-CN-PPV/
POPT blend, the PL is strongly quenched with only 5% or 10% of
the thiophene polymer in the blend, dropping from 44% absolute
PL efficiency for a pure MEH-CN-PPV film down to as low as 2%;
this indicates efficient exciton dissociation in the blend. Energy
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Figure 1 Chemical structures and device structure. a, Chemical structures of the

polymers used in the devices. POPT is a regioregular phenyl-octyl substituted

polythiophene which is found in two different forms20,21 with the red-shifted

structure obtained by thermal annealing of spin-coated films. This red-shifted

form is preferred here as it provides the best match to the solar spectrum. MEH-

CN-PPV is a fluorescent cyano-derivative of poly(p-phenylene vinylene), with a

large electron affinity as a result of the electron-withdrawing cyano groups16. It

and related polymers can be used as the emissive materials in efficient polymer

light-emitting diodes17,18. b, Device structure. Both polymers (see a for chemical

structures) were dissolved in chloroform or toluene (5mgml−1) and the solutions

were filtered with 0.45-mm filters before use. For the top half of the device,

aluminium or calcium contacts were thermally evaporated (P , 102 6 torr) on

glass substrates, and the acceptor material, MEH-CN-PPV (and a small amount

of POPT, usually 5%), was spin-coated on top of the metal electrode. The other

half of the device comprises the donor material, POPT (and a small amount of

MEH-CN-PPV, usually 5%), spin-coated on either ITO substrates or glass

coated with poly(ethylene dioxythiophene) doped with polystyrene sulphonic

acid (PEDOT:PSS, Bayer AG, Ludwigshafen, Germany). To ensure a low contact

resistance, a thin layer of gold (,10nm) was thermally evaporated on the glass

slide before spin-coating the PEDOT film from a water solution. The thickness of

the PEDOT layer was 100 nm. To get the desired structure of the POPT19, this half

of the device was heated to 200 8C under vacuum before the device was

laminated together by applying a light pressure while one half was still at elevated

temperature. The total thickness of the organic semiconductive layer was 70–

80 nm, and the active area 2.5mm2.
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transfer to the blending partner as an alternative explanation is
ruled out because the PL of both materials is quenched in the blend.

As a starting point, we made single-layer blend devices, similar to
those previously reported3,4, from the MEH-CN-PPV/POPT
blends. This was done with non-heated films, resulting in devices
with external quantum efficiencies of the order of 3–5%, which is
comparable to other polymer blend devices. However, because
POPT needs to be heated (or solvent-treated) to reach the ordered
state which has its absorption in the long-wavelength range, the
phase-separation properties become less favourable. Because of the
heating, not only do the POPT chains themselves have a chance to
relax and find a more ordered state, so does the blend as a whole.
This results in a phase separation on a much larger length scale than
preferred (about 200–400 nm, as seen in atomic force microscopy
(AFM) images), which radically decreases the external quantum
efficiency down to about 0.05%, a value comparable to the result for
single-layer MEH-CN-PPV devices.

We developed the device structures using laminated double-layer
arrangements (Fig. 1b). In this way, it is possible to reach the desired
coverage of the wavelength range, and, simultaneously, make sure
that the acceptor material has a proper contact with the low-work-
function contact (Al or Ca) and the donor with the high-work-
function contact (ITO or PEDOT). Simple laminated devices with
two homolayers were found to have the desired wavelength
response, but not particularly high efficiencies, albeit somewhat
higher than the single-layer blend devices. But, by adding a small
amount of POPT to the MEH-CN-PPV layer, 2–5 wt%, the effi-
ciency of the devices was much increased compared to the double-
layer device or single-layer blend. The external quantum efficiency
follows the absorption (Fig. 2), suggesting that there is no inactive
layer which would act as an optical filter and thereby decrease the
efficiency. At −1 Vand −2 V the curve (not shown) is slightly shifted
towards shorter wavelengths, and the efficiencies at 480 nm are 49%
and 58%, respectively. The addition of a similar small amount of
MEH-CN-PPV to the POPT layer did not make any significant
difference to the device efficiency, most probably because of phase-
separation changes caused by heating the film.

Figure 3 shows the current–voltage response of the device,
measured in darkness and excited at 480 nm. A distinct diode

behaviour is found, and the rectification ratio in the dark is .103

at 61.5 V. The fill factor, FF, is defined as the maximum power
(IV)max that can be extracted from a photovoltaic diode divided by
the product of maximum current Isc and maximum voltage Voc:

FF ¼
ðIVÞmax

IscVoc

ð1Þ

Using this definition, we get values in the range of 30–35% for both
types of devices described above (single-layer blend and laminated
double-layer blend). The power conversion efficiency hP is defined
as the ratio of the input power Pin, in the form of electromagnetic
radiation, to the output power Pout in the form of electrical energy:

hP ¼
Pout

Pin

¼
ðIVÞmax

LA
ð2Þ

where L is the intensity of the illumination, and A is the active area.
When the fill factor is known, equation (2) translates into:

hP ¼ FF
IscVoc

LA
ð3Þ

Open-circuit voltage can be selected by choice of the work functions
of the electron- and hole-accepting electrodes. We have maximized
this for an Au/PEDOT/POPT:MEH-CN-PPV (19:1)/MEH-CN-
PPV:POPT (19:1)/Ca device, for which the current–voltage char-
acteristics are shown, together with those for a device made with
ITO and Al electrodes, in Fig. 3. The spectral response is very similar
for both devices. For the Au/PEDOT and Ca electrode device, the
external quantum efficiency reaches 29% with 480 nm excitation
and no applied bias. Calculating the power conversion efficiency
using these values then gives hP ¼ 4:8% at the peak wavelength,
rising to ,7% at solar illumination intensities, which is a significant
increase compared to previous polymer devices. We calculate a
power conversion efficiency for a simulated solar spectrum, AM 1.5
(77 mW cm−2) of 1.9%. Under 2 V negative bias, this device has a
quantum efficiency of 61% at the peak wavelength. The dependence
of open-circuit voltage and short-circuit current on the intensity of
incident light L (at 488 nm) is shown in Fig. 4. The short-circuit
current is very close to linear (Isc ~ L1:02) up to the highest value
measured here of 100 mA cm−2, whereas the open-circuit voltage

Figure 2 Optical properties. Shown are the optical absorption, measured

as −log(transmittance), of a POPT/MEH-CN-PPV double layer (dashed line) and

external quantum efficiency of an ITO/POPT:MEH-CN-PPV (19:1)/MEH-CN-

PPV:POPT (19:1)/Al device (solid line). Measurements of photocurrent were

made by illuminating the samples from the ITO or PEDOT side with a tungsten–

halogen lamp, dispersed by a Bentham M300 single-grating monochromator.

Electrical data were measured and bias voltage was applied using a Keithley 237

source-measure unit. Absorption spectra were measured with a Hewlett Packard

8453 ultraviolet–visible spectrometer.

Figure 3 Current–voltage characteristics. Data shown are for laminated double-

layer devices using POPT:MEH-CN-PPV (19:1)/MEH-CN-PPV:POPT (19:1) blends.

Open circlesand dashed line show light (480nm, 34 mWcm−2) anddark current for

a device with ITO and Al as electrodes (open-circuit voltage 0.6 V), whereas the

filled circles and solid line show the response in light and darkness for a device

with PEDOT and Ca as electrode materials (open-circuit voltage 1.3V). The

characteristics were measured in the dark, and using narrow lines from the

monochromator.
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increases sublinearly with intensity, saturating when the value
approaches 2.2 V, which is close to the estimated difference in
work function between the two electrodes.

We used tapping-mode AFM to investigate the structure of these
devices. This technique has been found previously to give good
contrast between different polymers23, and we find here that better
contrast is obtained using phase-detection (which provides a
measure of the viscoelasticity). Figure 5a and b shows the in-
plane structures of the MEH-CN-PPV-rich layer and the POPT-
rich layers, respectively. We note clear evidence for formation of
‘islands’ of the minority phase, which are larger in size for the heat-
treated POPT-rich film. Figure 5c shows the cross-section of a
laminated structure: there is interpenetration between the two layers
following the lamination and annealing procedure, with a length
scale of 20–30 nm. We note that finer-scale interpenetration is not
expected to be revealed in these AFM images.

There is increased interest in solar energy conversion, though cost
per installed kilowatt for inorganic semiconductor devices remains
high, and there is renewed interest in the development of novel
photovoltaic cells. These include photoelectrochemical cells which
use dye adsorbed onto sintered titanium dioxide, which show high
solar energy conversion efficiencies24 and which are under active
development. The devices which we have developed now show
quantum efficiencies which approach usable values; they also have
several desirable practical attributes such as low-temperature pro-
cessing which is compatible with fabrication onto polymer sub-
strates, which offers low-cost large-area manufacture. Our devices
have good efficiency, especially at high illumination levels (Fig. 4),
which is achieved in spite of low carrier mobilities because the total
semiconductor film thickness is very small (100 nm here). We also
comment that the devices which we report here show efficient
operation over the full visible spectrum, and, by virtue of the
absorption spectrum of the POPT, even extends into the infrared
region. Further development is required to match better the solar
spectrum. M
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5nm. c, A cross-sectional image, obtained for a structure formed without metal

electrodes and with polyester substrates (the cut to reveal the cross-section was

made at low temperature). Images were obtained using phase-sensitive

detection, and were taken using a NanoScope IIIa Dimension 3100 (Digital

Instruments Inc, Santa Barbara).
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The ‘RNA world’ hypothesis proposes that early life developed by
making use of RNA molecules, rather than proteins, to catalyse
the synthesis of important biological molecules1. It is thought,
however, that the nucleotides constituting RNA were scarce on
early Earth1–4. RNA-based life must therefore have acquired the
ability to synthesize RNA nucleotides from simpler and more
readily available precursors, such as sugars and bases. Plausible
prebiotic synthesis routes have been proposed for sugars5, sugar
phosphates6 and the four RNA bases7–11, but the coupling of these
molecules into nucleotides, specifically pyrimidine nucleotides,
poses a challenge to the RNA world hypothesis1–3. Here we report
the application of in vitro selection to isolate RNA molecules that
catalyse the synthesis of a pyrimidine nucleotide at their 39
terminus. The finding that RNA can catalyse this type of reaction,
which is modelled after pyrimidine synthesis in contemporary
metabolism, supports the idea of an RNA world that included
nucleotide synthesis and other metabolic pathways mediated by
ribozymes.

Figure 1 UPRT-catalysed synthesis of uridine 59-phosphate from pRpp and uracil.

In modern metabolism, pyrimidine nucleotides are synthesized
from activated ribose (pRpp) and pyrimidine bases (such as uracil
or orotate). For example, uracil phosphoribosyltransferase (UPRT)
catalyses the reaction shown in Fig. 1. The chemistry of this reaction,
nucleophilic attack on carbon after release of pyrophosphate, is
central to the biosynthesis of nucleotides and amino acids (histidine
and tryptophan), yet absent from known ribozyme reactions. The
reaction differs from known RNA-catalysed reactions in other key
respects: it occurs by an SN1 mechanism (involving the stabilization
of an oxocarbocation at the reaction centre, C19 of ribose)12,13, and
uracil is significantly smaller than the smallest ribozyme substrates.

To explore the ability of RNA to promote nucleotide synthesis, we
performed an iterative selection in vitro to isolate from random
sequences ribozymes that synthesized a pyrimidine nucleotide at
their 39 terminus (Fig. 2). The initial pool of sequences contained
. 1:5 3 1015 different RNA molecules, each with 228 random
positions. To begin each selective round, pRpp was attached to
the 39 end of pool RNA. RNA-pRpp conjugates were incubated with
a uracil analogue, 4-thiouracil (4SUra), to allow those sequences
capable of glycosidic bond formation the opportunity to link their
tethered ribose to 4SUra. RNAs attached to the newly synthesized
nucleotide, 4-thiouridine (4SU), were then enriched, amplified, and
subjected to another round of selection–amplification. 4SU was
chosen as the desired product because the thione at position 4

Figure 2 In vitro selection scheme. Symbols: PPi, pyrophosphate; B, biotin. a,

Tethering pool RNA to pRpp by using T4 RNA ligase and adenylylated pRpp

(AppRpp).b, 4SU synthesis promoted byactive sequences within the initial pool. c,

Enrichment of reacted sequences by using APM gels. One lane (left) contained

radiolabelled pool RNA. The other lane (right) contained radiolabelled synthetic

standard to mark the location of the reacted RNA.After the first round of selection,

catalysts were enriched by serial purification on two APM gels. d, Further

enrichment of 4SU-containing sequences by derivation with iodoacetyl-LC-biotin

(Pierce) and capture with streptavidin magnetic beads. e, Amplification of

enriched RNA by reverse transcription, PCR and transcription. The amplified RNA

was then subjected to another round of selection in vitro.


