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bstract

Photogenerated charge carrier profiles in poly(2-methoxy-5-(2′-ethyl-hexyloxy)-1,4-phenylene vinylene) (MEH-PPV) light-emitting diodes
ere determined from steady-state photocurrent spectra and transient photocurrent decay measurements. The observation that the photocurrent

pectra behavior is strongly dependent on the bias polarity and amplitude suggests the existence of an intrinsic electric field, determined by the
ifference in the work function of the metallic electrodes, as well as a field dependence on the free charge carrier generation rates. The obtained
esults reveal built-in voltages of +0.2 and −0.6 V for Au and Al electrodes, respectively. The photocurrent spectra can be semi-quantitatively
xplained using a simple model which takes into account the internal built-in electric field of the device structure, the band gap energy and
he migration/diffusion of the photogenerated charge carriers through the polymeric film. The drift mobility of carriers was investigated by the

ime-of-flight technique (TOF). The value for the mobility of holes was obtained from the change of slopes in the double logarithmic plot of the
ransient current and was independent of the applied field. The TOF transients for electrons showed no change of slopes in the double logarithmic
lot and the drift mobility of electrons could not be calculated.

2006 Elsevier B.V. All rights reserved.
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. Introduction

Conjugated polymers have attracted much attention in the
ast 15 years due to their semiconducting properties and to their
otential application in a wide variety of electronic and opto-
lectronic devices like light-emitting diodes, photovoltaic cells
nd field-effect transistors. However, despite the great advance
n the development and improvement of new materials and
tructures, there are still several fundamental aspects related
o the excited states in conjugated polymers that are not yet
ompletely understood. One of the most controversial topics
iscussed in the physics of conjugated polymers is about the
ature of the excited states in such materials. In this sense,

wo opposite positions are generally adopted: one is the tra-
itional semiconductor band model and the other one is based
n the formation of bound excited states due to the molecu-
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ar character of organic materials. For this reason, photocurrent
pectroscopy is a powerful techinique used to study charge car-
ier photogeneration and transport in semiconductor devices.
ince the photo-excitation generates charged states, which can
ive rise to a measurable photoconductivity if mobile charge car-
iers are produced, the spectral dependence of the photocurrent
s frequently used to argue in favor of the band or the excitonic
odel. In organic molecular solids and highly crystalline con-

ugated polymers, there is a large energy difference between
he onset of the optical absorption and the onset of the photo-
onductivity, which is unquestionably accepted as evidence of
he influence of electron–electron interactions in these materials.
n the other hand, poly(p-phenylene vinylene)’s (PPV’s) usually
resent onsets of the photoconductivity and the absorption which
re practically coincident [1]. This has been cited as evidence of a
emiconducting band model [2–5], with direct photogeneration
f free positive and negative carriers, although charge genera-

ion is commonly considered as a secondary process, resulting
rom dissociation of excitons by interaction with defects and
mpurities in the vicinities of interfaces. Other authors, how-
ver, assign this behavior to additional factors [6,7] to develop

mailto:dsme@df.ufscar.br
dx.doi.org/10.1016/j.mseb.2006.08.043
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emi-quantitative models particularly based on the sharp rise of
he photocurrent which is usually observed at the low energy
ail of the absorption spectrum [8]. In this communication, we
resent experimental results based on steady-state and transient
hotocurrent measurements in order to determine the free car-
ier photogeneration profile in polymeric light-emitting devices
ased on PPV derivatives. This study can give quantitative as
ell as qualitative information about the nature of conjugated
olymers.

. Experimental details

The alkoxy-substituted PPV derivative poly(2-methoxy-5-
2′-ethyl-hexyloxy)-1,4-phenylene vinylene) (MEH-PPV) was
ynthesized using a modified Gilch route as described in
etail elsewhere [9]. The average molecular weight of the
btained orange-reddish polymer was 69.000 g mol−1 and the
oly-dispersity was about six. The devices were produced by
nitially etching 14 mm × 12 mm ITO-coated glass substrates
o give rise to properly designed transparent electrodes. The
TO substrates were further cleaned by rinsing in acetone,
ubbing with isopropanol and sonication in dilute aqua regia
HNO2 + HCl) solution for 10 min. After abundantly washing
he wafers in de-ionized water and drying with pure nitro-
en, MEH-PPV films (400–800 nm thick) were obtained by
pin-casting a 10 mg mL−1 chloroform solution onto the sub-
trates. The films were dried in a vacuum at 80 ◦C for 4 h
efore vacuum thermal evaporation of the metallic top elec-
rodes. Two different non-transparent metallic electrodes (30 nm
f Au and 50 nm of Al) with 8 mm2 in area were deposited side
y side, producing two distinct devices with similar geometric
haracteristics.

The photocurrent measurements were performed with the
evices placed in a nitrogen gas flow cryostat, with transpar-
nt quartz windows, to avoid oxidation of the sample. Selec-
ive wavelength photo-excitation was performed by focusing
nto the sample the light output from a monochromator (Oriel
nstruments) used to separate the spectral response of a 450 W
e lamp. Scanning of the incident light wavelength in the

00–800 nm range was carried out at rates varying from 24 up to
20 nm min−1. Since no variations in the photocurrent spectra
ere observed in the used scanning rates, the charge separa-

ion and transport processes were considered as fast enough

2
t
t
p

Fig. 1. (a) Schematics of the experimental setup used in the photocurrent measu
Engineering B 135 (2006) 103–107

o not interfere in the spectra at the observed time scale. The
ample short-circuit current was monitored by an electrometer
Keithley 6517A) which was also used to provide the external
pplied bias. The lamp spectrum was recorded by a UV–vis
ensitive photodiode, simultaneously with a current sampling
he monochromatic light through a beam splitter (as schemati-
ally shown in Fig. 1a). All photocurrent spectra were corrected
rom the measured lamp spectrum, the photodiode response and
he ITO substrate absorption curve, considering that the mea-
ured radiant flux (at 400 nm) in the sample was 0.65 mW cm−2.
ig. 1b represents the device structure during the photocurrent
easurement. The monochromatic light passes through the ITO

lectrode before reaching the polymeric film. In despite of the
lectrical connections shown in Fig. 1b, the forward direction, in
he framework of this communication, is determined when the
TO electrode is positively polarized. For the transient current
easurements, a pulsed nitrogen laser (Oriel Instruments) was

sed to generate short pulses (5 ns length) to excite the samples
hrough the ITO electrode. A Coumarine 503 Oriel Dye was used
o excite the sample with a 490 nm laser. The current transients
ere measured using a broadband current amplifier (Stanford
esearch SR570) coupled to a fast digital oscilloscope (Tek-

ronix 340 A), triggered by the laser pulse.

. Results and discussion

The photocurrent action spectra of ITO/MEH-PPV/Al and
TO/MEH-PPV/Au devices are shown in Fig. 2. The upper
raphs show the normalized photocurrent spectra, in comparison
ith the absorption spectrum of MEH-PPV. The response of the
hotocurrent action spectrum is usually classified as being of two
ypes: symbatic, if the photocurrent spectrum follows the absorp-
ion spectrum and antibatic if the photocurrent spectrum behaves
ifferently of the absorption spectrum, presenting almost com-
lementary characters [10]. In Fig. 2a, the ITO/MEH-PPV/Al
evice shows a clear antibatic behavior when short-circuited
r negatively biased (Vb = −1.5 V), characterized by a evident
harp peak around 2.2 eV and practically null photocurrent val-
es in the region where the MEH-PPV strongly absorbs, between

.3 and 2.9 eV. On the other hand, for the device biased posi-
ively (Vb = +1.5 V), the photocurrent spectrum visibly switches
o a symbatic behavior. For photon energies above 3 eV, the
hotocurrent increases continuously to the energy upper limit

rements and (b) illustration of the device structure during the experiments.
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ig. 2. Photocurrent spectra of a ITO/MEH-PPV/Al device (a) normalized spec
nd (d) absolute values at 300 K for different bias voltages.

ttainable by the experimental setup (4.1 eV), regardless the bias
olarity.

Fig. 2b shows the voltage dependence of the photocurrent
pectra of the ITO/MEH-PPV/Al device. For negative volt-
ges, the photocurrent, which always presents a negative value,
ncreases in amplitude with the bias. For positive voltages, the
hotocurrent still presents negative values, decreasing in ampli-
ude with increasing bias from 0 to +0.6 V. Above this voltage,
he photocurrent curves switch the polarity and start to present
he symbatic behavior described before. Moreover, the onset of
he photocurrent in the high energy regime is slightly higher
∼3.5 eV) than observed for negative biases (∼3.1 eV).

For the ITO/MEH-PPV/Au device (Fig. 2c and d) the pho-
ocurrent values are almost three orders of magnitude lower than
hose observed for the ITO/MEH-PPV/Al device. For the device
iased positively, the absolute photocurrent decreases from low
o high energies, reaching a minimum around 2 eV. For energies
igher than 2.2 eV, the photocurrent starts to increase, showing a
ymbatic behavior in the region where MEH-PPV absorbs well.
or energies above 3.5 eV, the photocurrent increases steeply, as
lready observed for the ITO/MEH-PPV/Al device. For nega-
ive voltages, the photocurrent spectrum is practically antibatic
n the whole energy range. Differently of the ITO/MEH-PPV/Al
evice, the device with gold cathode has a short-circuit photocur-
ent spectrum similar to those obtained with the device biased
ositively. For negative bias until −0.4 V, the spectrum is sim-
lar as for short-circuit showing, however, lower photocurrent
alues. For higher voltages, the minimum in the photocurrent

t 2.0 eV still persists but the photocurrent switches to negative
alues.

The observed results indicate the formation of internal built-
n electric fields in both kind of devices. Since the short-

h
a
T
b

, (b) absolute values and a ITO/MEH-PPV/Au device (c) normalized spectrum

ircuit photocurrents present contrary behaviors (negative for
he ITO/MEH-PPV/Al and positive for the ITO/MEH-PPV/Au),
hese electric fields must have opposite directions. These built-
n voltages can be roughly estimated by the difference between
he ITO and the metallic electrodes work-functions. For the
TO/MEH-PPV/Al device, this voltage (Vb = (φAl − φITO)/e)
hould vary from −0.3 to −0.7 V (φITO = 4.6 – 4.8 eV and
Al = 4.1 – 4.3 eV) whereas, for the ITO/MEH-PPV/Au device,

t should be between +0.2 and +0.6 V (φAu = 5.0 – 5.2 eV).
The built-in voltage can be better observed analyzing the dc

urrent–voltage (I–V) curves obtained at different wavelengths
s shown in Figs. 3 and 4.

As commonly observed in such structures, the Al device in
he dark presents a rectifying behavior due to the expected bet-
er hole injection from ITO into the polymer. Under illumination
t energies which do not present strong photocurrent spectrum
Fig. 3b), little variation occurs in the I–V curve. For energies
hich present higher photocurrent spectra (Fig. 3a), a clear
hotovoltaic effect can be observed. Although the short-circuit
urrent (Isc) varies with the photon energy, the open-circuit volt-
ge (Voc) is almost energy independent (about +0.6 V). The
pen-circuit voltage can be interpreted as the voltage required to
vercome the built-in voltage (Vb) which, in this case, is −0.6 V,
n agreement with the expected value.

The I–V curves under different photon energies for the Au
evice are shown in Fig. 4. It can be observed that the photo-
oltaic effect is much less evident than in the Al device. At first
ight, only an increase in the photoconductivity is observed at

igher photon energies. However, small short-circuit currents
nd open-circuit voltages can also be observed (inset of Fig. 4).
he highest value for Voc was about −0.2 V, which indicates a
uilt-in voltage of +0.2 V, as expected.
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ig. 3. I–V curves for the ITO/MEH-PPV/Al device at 300 K for different photon
nergies (incident flux: 0.65 mW/cm2): (a) 2.16, 2.54 and 3.49 eV and (b) 1.55,
.73 and 1.97 eV.

In order to explain the symbatic/antibatic behavior of the pho-
ocurrent spectra, one can initially use a qualitative explanation
ased on the charge carrier generation profile, determined by
he absorption spectrum, and the transport/diffusion of the free
arriers towards the bulk. An appropriate way to determine the
ature and the mobility of the major charge carriers is using the

ime-of-flight technique [11], which is based on the measure-

ent of current transients due to fast light pulses.
Fig. 5 shows the current transients for the ITO/MEH-PPV/Al

evice (550 nm thick) for forward (Fig. 5a) and reverse (Fig. 5b)

ig. 4. I–V characteristics on a ITO/MEH-PPV/Au device for different photon
nergies (incident flux: 0.65 mW/cm2).

c
s
P
a
w
t
p
c
a
b
t
a
g
b
m
a
I
A
u
a
t
i
v

Engineering B 135 (2006) 103–107

pplied bias. A cuvette with Coumarine 503 Oriel Dye was used
o tune the laser wavelength (337.1 nm) to 490 nm (20 nm wide).
he efficiency of the Dye is 19% and the injected charge was
pproximately 0.01 CV. This attenuation avoided the formation
f space charge during the TOF experiment, and the electric field
s not affected by the carriers photogenerated. The photocur-
ent is approximately two orders of magnitude higher than the
ark current, so the transient photocurrent is not affected by the
ark current. Since the absorption coefficient at the excitation
avelength is about 2 × 105 cm−1, for the used device thick-
ess, most of the charge carriers are photogenerated close to the
lluminated surface (approximately 9% of sample thickness).

hen the ITO electrode is biased positively, the superficial pos-
tive photogenerated free charge carriers move towards the bulk
hereas the negative carriers should be predominantly collected
y the front electrode. The transient photocurrent is dominated
y holes, but the “effective thickness” of the sample is about
0% of the sample thickness, so, the mobility may be under
stimated. The expected error in the mobility is 10%. At low
ias values (below +4 V), the transit time of the charge carriers
s too long to be observed in the used time scale, originating
ong-lasting current decays. For higher biases, the transit time
f the carrier can be determined by the change in the slope of
he current transient in the log–log plot (Fig. 5a). The calcu-
ated hole mobility for this sample is field independent and its

ean value is about 4 × 10−6 cm2/(V s). For the ITO polarized
egatively, the current transients are expected to be due to neg-
tive free charge carriers. In the whole applied bias range (0 to
10 V), no transition in the log–log plot of the current transients

ould be observed, only the same long current decays observed
t low positive voltages. This indicates that the electron mobility
s much lower (at least two orders of magnitude) than the hole

obility in MEH-PPV.
Taking into account the information that the negative charge

arriers are much less mobile than the positive ones, the
hort-circuit photocurrent spectrum behavior for the ITO/MEH-
PV/Al device can be understood by the photogeneration profile
nd the respective transport of the carriers into the bulk. At high
avelengths (low energies), the photon energy is not sufficient

o overcome the polymer gap (about 2.2 eV) and practically no
hotocurrent values are observed. As the photon energy becomes
loser to the absorption excitonic band edge, bulk charge gener-
tion occurs and the built-in voltage, predominantly determined
y the Al/polymer interface, makes the free carriers drift towards
he ITO electrode, leading to negative current values. As the
bsorption coefficient increases, less free carriers are photo-
enerated at the Al/polymer interface and the built-in voltage
egins to be dominated by the ITO/polymer interface, which
akes negative charge carriers go into the bulk. Since neg-

tive carriers are less mobile and the contact potential at the
TO/polymer interface is expected to be much lower than at the
l/polymer interface, the photocurrent assumes again low val-
es. As the excitation wavelength gets out of the excitonic band

bsorption, charge carriers start to be again photogenerated at
he Al/polymer interface, giving rise to the observed increase
n the photocurrent at high energies. This explanation is also
alid when the device is biased negatively. When sufficiently
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[8] M. Gailberger, B.N. Thanh, H. Bässler, Mol. Cryst. Liq. Cryst. 217 (1992)
217–221.

[9] F. Wudl, G. Srdanov, US Patent No. 5189136, 233 (1993).
ig. 5. Transient photoconductivity transits for the ITO/MEH-PPV/Al device a

igh positive voltages are applied, the built-in voltage is sur-
ounted by the external bias and the observed symbatic behavior

s simply explained considering a model in which directly car-
ier photogeneration (or weakly bound pairs) occurs. An analog
xplanation can be used to explain the photocurrent spectrum of
he ITO/MEH-PPV/Au device.

. Conclusions

Photocurrent action spectra were used to observe the exis-
ence of built-in voltages in polymeric LEDs which are strongly
ependent on the work-function of the metals used as electrodes.
he open-circuit voltages observed in the I–V curves under illu-
ination can be used to determine, for each device, the built-in

oltage. Transient current measurements were used to confirm
hat the mobility of positive photogenerated free charges is much

igher than the mobility of the negative ones. This information is
aluable in order to explain qualitatively the observed photocur-
ent spectra behavior. A more detailed semi-quantitative model
s being developed to be published soon elsewhere.

[
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K: (a) current dominated by holes and (b) current dominated by electrons.
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