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ABSTRACT: Introduction of a DNA interlayer adjacent to
an Al cathode in a polymer light-emitting diode leads to
lower turn-on voltages, higher luminance efficiencies, and
characteristics comparable to those observed using a Ba
electrode. The DNA serves to improve electron injection
and also functions as a hole-blocking layer. The temporal
characteristics of the devices are consistent with an inter-
facial dipole layer adjacent to the electrode being respon-
sible for the reduction of the electron injection barrier.

Interfacial effects often dominate the performance of optoelec-
tronic devices based on organic semiconducting materials.1 A

relevant example concerns the energetic barriers to charge
injection and extraction at electrode�organic interfaces. In the
case of polymer light-emitting diodes (PLEDs),2 such barriers
can lead to unbalanced electron and hole densities and therefore
lower device efficiencies.3 Electron injection barriers arise be-
cause the lowest unoccupied molecular orbital (LUMO) energy
levels of typical electroluminescent semiconducting conjugated
polymers are not well matched with the work functions of stable
metal cathodes such as Al, Au, and Ag. Low-work-functionmetals
such as Ca and Ba can be used to circumvent this problem at the
expense of device stability because of their more pronounced
sensitivity toward air.4

Several approaches for reducing charge injection barriers in
PLEDs and other organic devices have been reported.5,6 For
example, multilayer architectures can be designed that incorpo-
rate an electron injection/transport layer adjacent to the cathode.
One class of materials that has found use in this respect involves
conjugated polyelectrolytes (CPEs)7 and oligoelectrolytes,8

which are structurally defined by an electronically delocalized
backbone with pendant groups bearing ionic functionalities.
While there is a range of possible interfacial phenomena that
can modify the contacts,1a two mechanisms have dominated the
discussion of CPE function. The first is usually observed with
thick layers and involves initial ion migration upon application of
an external bias, which leads to a redistribution of the electric field
within the device and a longer response time.6b,c A steep electric
field gradient is generated close to the electrode as a result of this
ion motion, which aids electron injection into the LUMO of the
underlying polymer.9 The second mechanism involves the pre-
sence of an interfacial dipole layer that modifies the effective
work function of the cathode.1c,10,11a These conditions lead to

faster device turn-on times and direct electron injection into the
electroluminescent layer.

It occurred to us that an interfacial dipole layer could be
achieved atop the electroluminescent layer of a PLED with a
standard polyelectrolyte (i.e., one that does not contain a
conjugated backbone).12 Furthermore, it seemed challenging
to focus on naturally occurring renewable materials. As described
here, we show that DNA can serve as a useful interlayer to
improve the performance of organic electronic devices. Previous
uses of DNA in organic electronics include integration as a
500 nm thick dielectric in organic field-effect transistors and as a
hole-transporting/electron-blocking layer in organic LEDs when
a layer (∼20 nm thick) is introduced near the anode.13

The DNA examined in this study was purified by the Chitose
Institute of Science and Technology from waste products of the
salmon fishing industry via an enzyme isolation process.13 The
molecular weight of the DNA was typically >8000 kDa as
determined by gel-phase electrophoresis.13 The PLED device
test structures used in these studies involved platforms in which
poly[2-methoxy-5-(20-ethylhexyloxy)-p-phenylenevinylene]
(MEH-PPV) was deposited atop poly(3,4-ethylenedioxythio-
phene):poly(styrenesulfonate) (PEDOT:PSS)-treated ITO sub-
strates, as shown in Figure 1.6c The DNA was spin-coated from a
highly polar solvent in order to minimize disturbance of the
underlying charge-neutral layer.14 Evaporation of the cathode
constituted the final fabrication step, yielding a device with an
area of 4.5 mm2. Cathodes composed of Al or Ba were employed
in order to illustrate the effect of using metals with different work
functions. In the following study, only an Al electrode was used in
conjunction with the DNA interlayer.

Considerable attention was dedicated to the DNA deposition
method. The best devices were obtained by dissolving the DNA

Figure 1. (a) Molecular structure of MEH-PPV. (b) PLED test
structure incorporating a DNA interlayer between the Al cathode and
the electroluminescent MEH-PPV layer.
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in a 90:10 (v/v) methanol/water solvent mixture. The DNA
solution was first filtered through a poly(vinylidene fluoride)
filter with a pore size of 0.45 μm and then spin-coated at
1500 rpm for 60 s atop the MEH-PPV film. Figure 2a shows
typical plots of current density (J) and luminance (L) versus
applied voltage for devices with DNA/Al cathodes together with
the characteristics observed for control devices with Ba and Al
cathodes. In all cases, the electroluminescence maximum was
characteristic of MEH-PPV, with a maximum centered at 560 nm.
The most significant comparison can be drawn between the
DNA/Al and Al devices, where the former required a consider-
ably reduced applied bias to achieve L = 10 cd/m2 (2.3 ( 0.1 V
for DNA/Al vs 4.1 ( 0.3 V for Al) and gave significantly higher
L values at 4.5 V (5700 ( 620 cd/m2 for DNA/Al vs 25.5 (
10.5 cd/m2 for Al). Indeed, the DNA/Al device showed char-
acteristics in both J and L that resemble those of the Ba device, for
which a close to ohmic contact existed between the cathode and
theMEH-PPV layer. All of these features led to similar luminance
efficiencies (Figure 2b) for the DNA/Al and Ba devices (0.80 (
0.15 and 0.86 ( 0.15 cd/A, respectively) that were much higher
than that of the Al-only counterpart [(6.5( 2.3)� 10�3 cd/A].
We note that the errors in the measurements above correspond
to one standard deviation for measurements on 10 indepen-
dently fabricated devices. The collected set of experiments
therefore demonstrates that insertion of the DNA interlayer
drastically improves the device efficiency. Furthermore, since the
hole injection interface is unaffected by the DNA, we surmise that
the higher J values observed in Figure 2a for the MEH-PPV/
DNA/Al device relative to those for MEH-PPV/Al are due to
improved electron injection at the cathode.15

The response times of the DNA/Al and Al devices were
examined to gain insight into the mechanism by which DNA

incorporation improves the electron injection. These measure-
ments involved applying a rectangular voltage pulse at 3.5 V, as
described previously.8a The electroluminescence (EL) signal was
detected using a Si photodiode coupled with an oscilloscope, and
the results are shown in Figure 3. The time response of theMEH-
PPV/Al device (defined as the time required to reach 50% of the
maximum luminance) was <1 ms, whereas 14 ms was observed
for the MEH-PPV/DNA/Al device. We also note that the final
ratio of the intensities of the EL response in Figure 3 after∼30 ms
correlates with the luminance ratio in the steady-state measu-
rement in Figure 2. The response time of the MEH-PPV/DNA/
Al device suggests that the screening of the electrical field due to
ion motion within the DNA interlayer plays a minor role in
increasing the current density shown by the black and green curves
in Figure 2a.11b For comparison, thick CPE electron transport
layers can yield multisecond response times.6b Therefore, we
conclude from these data that the improved electron injection
after DNA deposition is more reasonably attributed to the forma-
tion of a suitably aligned dipole adjacent to the Al electrode.11c

To further understand the effect of the DNA interlayer on the
device function, the surface properties were probed by scanning
probe techniques. Figure 4a,b displays topographic images of
ITO/PEDOT:PSS/MEH-PPV/Al and ITO/PEDOT:PSS/MEH-
PPV/DNA/Al devices scanned between the Al electrodes, as
determined by atomic force microscopy (AFM). The MEH-PPV
surface was a smooth film (rms roughness = 0.8 nm), while the

Figure 2. (a) J�V (closed symbols) and L�V (open symbols) plots
and (b) luminance efficiency characteristics of PLEDs with the following
device structures: ITO/PEDOT:PSS/MEH-PPV/Ba/Al (red squares),
ITO/PEDOT:PSS/MEH-PPV/DNA/Al (green triangles), and ITO/
PEDOT:PSS/MEH-PPV/Al (black circles).

Figure 3. Plots of EL intensity vs time for MEH-PPV/Al (blackO) and
MEH-PPV/DNA/Al (green 4) devices.

Figure 4. (a, b) Morphology and (c, d) current measurements of (a, c)
MEH-PPV and (b, d)MEH-PPV/DNA surfaces. The voltage in the current
measurements was +2 V DC for (c) and +5 V for (d). The rms roughness
was 0.8 nm in (a) and 2.8 nm in (b). The size of the images is 2μm� 2μm.
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MEH-PPV/DNA films showed a weblikemorphology (presumably
DNA) with pinholes on the order of 12�16 nm deep (rms
roughness = 2.8 nm). These data indicate an average DNA
thickness of 15 ( 3 nm. The overall morphology in Figure 4b is
consistent with poor wetting between the hydrophobic MEH-
PPV and the polyelectrolyte. Additionally, there were no changes
in the morphology after exposure to moist air,16 even after 14 h
(see the Supporting Information).We also note that spin-coating
of the DNA from other solvent mixtures led to other irregular
morphologies (see the Supporting Information).

Figure 4c,d shows conductive AFM images, which were used
to gain insight into the nanoscale conduction characteristics
across the MEH-PPV and MEH-PPV/DNA layers. By using a
gold-coated AFM tip, one obtains little to no barrier for hole
injection because of the match between the work function of gold
and the highest occupied molecular orbital (HOMO) energy of
MEH-PPV. This feature allows one to collect hole current
through the MEH-PPV layer.17 At an applied DC bias of 2 V,
an average current of ∼2.5 pA was observed across the MEH-
PPV surface (Figure 4b). After DNA was spin-coated atop the
MEH-PPV layer, little current was observed at an applied
bias of 2 V across the entire film. When the bias was increased
to 5 V, an average current of∼0.1 pA was observed (Figure 4d),
which is attributed to an increase in current from the sites
corresponding to the pinhole regions shown in Figure 4b. These
data indicate that DNA (a) exists over the entire surface of
the semiconducting film, including a thin layer within the pinhole
regions, and (b) acts as an effective hole-blocking layer. The
improved function of the devices in Figure 2 upon introduction
of the DNA therefore arises from the combination of improved
electron injection and blocking of holes, ultimately leading to
balanced charge carriers.18

To summarize, a naturally occurring and readily available
polyelectrolyte, namely, DNA, was used to significantly improve
PLED efficiencies utilizing MEH-PPV electroluminescent layers.
Introduction of the DNA interlayer beneath the Al cathode led to
an increase in efficiency from (6.5 ( 2.3) � 10�3 to 0.80 (
0.15 cd/A. Comparison of the of the J�V characteristics of the
MEH-PPV/DNA/Al andMEH-PPV/Al devices showed that the
DNA layer facilitates electron injection. The temporal response
of the MEH-PPV/DNA/Al device shown in Figure 3 can be
accommodated more easily within a mechanistic framework
where ionmotion plays only aminor role inmodifying the electron
injection barriers. We therefore propose that a dipole layer that
modifies the effective work function of Al is formed. AFM experi-
ments showed that the deposition of DNA under the conditions
described here led not to a homogeneous film but instead to a web-
likemorphology. Such features are anticipated under circumstances
where there is poor wetting with the hydrophobic underlayer.
Conductive AFM scans showed that DNA also serves as a hole-
blocking layer; with current observed only within the areas cor-
responding to the “pinholes” at high applied voltages. Since a thick
DNA layer is anticipated to be insulating toward both electrons and
holes, we propose that the electrons are most reasonably injected
into the MEH-PPV within the thinnest portions of the interlayer.
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