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We have constructed multilayer thin-film organic microcavity photodiodes with the photoactive
layer comprised of a spin-coated conjugated polymer and an evaporated Cg, layer. The electrodes
are designed as semitransparent mirrors which form a resonant cavity structure. The photocurrent
spectra show distinct maxima at the optical resonances of the cavities, which are located up to 200
nm below the fundamental optical transition of the polymer. The design allows a simple tuning of
the spectral response by varying the layer thickness. Microcavity photodiodes are also shown to be
highly sensitive two-photon detectors, which exhibit a factor 500 improvement in the two-photon

response compared to devices without photonic confinement.

Physics. [DOI: 10.1063/1.1565710]

The emission as well as the photocurrent spectra of op-
toelectronic devices are determined by material properties as
well as the boundary conditions of the optical field. Drastic
changes in the spectra occur when the optically active mate-
rial is embedded inside a microcavity, i.e., in an optical reso-
nator with vertical dimensions of order the wavelength of
light. Such devices have been proven to give major advan-
tages for both light-emitting and detecting diodes. Micro-
cavities have been utilized to improve the linewidth and the
efficiency of inorganic and organic light-emitting devices
(LEDs).'"* The spectral response of III-V semiconductor
photodiodes has also been tuned by incorporating the active
material into a microcavity.® Potential applications of these
resonant cavity enhanced photodiodes are in the field of sen-
sors and telecommunications. Organic semiconductors bear a
large potential for applications in photodetectors’ and solar
cells.® Tailoring the photoresponse of organic photodiodes is
a key issue for improvement of such devices. This has pre-
viously been achieved by chemically tuning the material pa-
rameters such as the energy of the fundamental optical tran-
sition. The role of electric field distribution in organic
photodiodes was pointed out by Gattinger er al.” Recently,
Narayan et al. demonstrated an organic photodiode exhibit-
ing a narrow photoresponse by sandwiching a polythiophene
layer between a gold contact and a dielectric Bragg stack
mirror.'® In this letter we show that the spectral response of
an organic photodiode can be tuned and drastically enhanced
by embedding a bilayer of a conjugated polymer and a
fullerene into a microcavity resonator. Such organic micro-
cavity photodetectors (OMPDs) are particularly useful for
nonlinear optical applications, where the strength of the
light—matter interaction squares with the magnitude of the
optical field, which is in turn enhanced by the cavity struc-
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ture. We show that the two-photon-induced photocurrent is
enhanced by almost three orders of magnitude and allows
subpicosecond temporal resolution.

Device fabrication was carried out under inert conditions
in a N, glovebox. A glass substrate is first covered with a
semitransparent silver layer of approximately 35 nm thick-
ness by thermal evaporation. The film serves as a mirror and
an electrode and exhibits reflectivities ranging from 0.7 at
450 nm to 0.9 at 650 nm. The photoactive layer consists of a
methyl-substituted ladder-type poly(p-phenylene)
(MeLPPP). It is spin coated on top of the silver electrode
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FIG. 1. Optical transmission (upper panel) and photocurrent (lower panel)

spectra of four metal mirror OMPDs with different MeLPPP layer thick-

nesses (1: 142 nm, 2: 149 nm, 3: 153 nm, 4: 165 nm). The upper graph also

shows the absorption spectrum of a MeLPPP/Cg, bilayer (solid line), the

lower panel gives the corresponding photocurrent spectrum (solid line).
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FIG. 2. Two-photon induced fluorescence (TPF, circles) and photocurrent
(TPPC, squares) from diodes with (filled symbols) and without (open sym-
bols) cavity confinement illuminated by a 1 kHz femtosecond laser at 780
nm. The dashed line indicates a quadratic intensity dependence.

from a toluene solution. While the quantum efficiency for
charge carrier generation is rather limited in a single polymer
layer it can be significantly increased by introducing an ad-
ditional electron accepting layer. In our case we evaporate a
thin film of approximately 100 nm thickness of Cg, fullerene
molecules which act as electron acceptors. Finally, a second
silver film serving as the upper mirror and electrode is
evaporated on top of the Cg, layer, leading to the formation
of a one-\ cavity in the visible with the first A/2 resonance
located in the infrared. We found that the electrical properties
and the stability of the device could be dramatically en-
hanced by inserting a 2 nm layer of Al between the Ag layers
and the polymer, which was done in the following experi-
ments. The overall thickness of the organic bilayer is varied
by changing the deposition parameters of the polymer layer.
No external voltages were applied to the samples during
measurement. The photocurrent spectra were measured by
passing light from a 150 W tungsten lamp through a mono-
chromator with a spectral resolution of <2 nm and focusing
it onto the sample. Transmission spectra were taken using a
UV-VIS spectrophotometer.

In Fig. 1 the transmission and photocurrent spectra of
four different OMPDs with polymer layers of different thick-
nesses are summarized. As seen in the transmission data in
the upper part of Fig. 1 the position of the cavity resonances
is manifested by transmission peaks which vary systemati-
cally with the thickness of the organic semiconductor. By
controlling the spin speed during polymer deposition it is
possible to spectrally tune the resonance. For comparison,
the absorption spectrum of the bilayer is shown on the left
hand side of the upper panel. All our samples are designed
such that the resonance wavelength is located below the fun-
damental absorption band of MeLPPP. At wavelengths
shorter than 470 nm the absorption of MeLLPPP sets in and
suppresses the formation of higher-order transmission reso-
nances.

The photocurrent spectra of the different OMPDs are
shown in the lower part of Fig. 1. In the spectral range below
470 nm the typical photocurrent spectra of MeLPPP are ob-
served. Neutral excitations are generated by direct 7—7*
transitions. A small fraction of these subsequently dissociate
giving rise to a photocurrent. The main contribution to the
photocurrent is expected to be generated at the interface be-
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tween MeLPPP and the evaporated Cg layer, where charge
transfer is highly efficient. In the spectral range of high ab-
sorption of MeLPPP the amount of photocurrent is basically
the same for all samples. In a noncavity MeLPPP/Cy, pho-
todiode, the photocurrent decreases rapidly at wavelengths
longer than 470 nm. This is indicated by the solid line in Fig.
1. The situation is completely different in cavity devices.
Strong photocurrent peaks corresponding closely to the cav-
ity resonances visible in the transmission are observed in all
samples. It is important to note that the amplitude of these
peaks located in the range of negligible absorption is com-
parable to the photocurrent in the spectral range of high ab-
sorption. The width of the peaks is mainly determined by the
mirror reflectivity. Using silver mirrors with a thickness of
35 nm the resulting full width at half maximum (FWHM) is
30-40 nm, which corresponds to a Q factor of approxi-
mately 10. We attribute the very high photocurrent at the
resonance wavelength to the strong field enhancement inside
the cavity. This results in an increase in the probability of
photon absorption, which means that charge carrier genera-
tion can occur even in the range of very low optical absorp-
tion. We note that the photocurrent resonances are slightly
broadened to longer wavelengths with respect to the trans-
mission resonances. We attribute this to a nonuniform pho-
togeneration efficiency across the spectrum. We also note
that the thickness of our polymer film is close to uniform and
varies by 3 nm at most across the active region of the micro-
cavity. This was established by moving the position of the
incident light spot over the device but is also apparent from
the narrow linewidth observed.

It is an important question which optically enhanced
electronic transition is actually responsible for the subband-
gap photocurrent. Most likely the weak absorption in the Cg
layer gives the strongest contribution to the cavity induced
photocurrent. Photoexcitations are generated in the Cg layer
and are subsequently dissociated by a hole transfer at the
interface to the MeLPPP layer. In addition, absorption below
the fundamental 7—7r* transition might occur in the poly-
mer due to the presence of red shifted defect sites'""!> and
anti-Stokes type absorption.'® In agreement with our obser-
vations, numerical calculations indicate an enhancement of
absorption at the cavity resonance of approximately 10 for
our structures, which is consistent with the Q factor ob-
served. A direct comparison between the cavity and noncav-
ity photocurrents is difficult because the cavity device em-
ploys symmetrical electrodes whereas the resonance free
device requires ITO and metal electrodes, which result in a
change of the built-in field. The problem may be overcome
by using ITO-coated Bragg reflectors as the lower electrodes.

While the cavity enhances the photocurrent substantially
in the case of linear absorption much stronger effects are
observed in the case of nonlinear two-photon absorption.
Conjugated polymers are known to exhibit two photon in-
duced fluorescence under certain conditions.'*!'> MeLPPP
exhibits a large two-photon absorption cross section and has
previously been used as a nonlinear medium in a number of
experiments.”’l(’ We modified the structure somewhat by
using a distributed Bragg reflector (DBR) with a stop band of
100 nm width centered at 770 nm and a maximum reflectiv-
ity of 99.99% instead of the lower Ag mirror. The uppermost

Downloaded 02 Feb 2010 to 155.97.11.183. Redistribution subject to AIP license or copyright; see http://apl.aip.org/apl/copyright.jsp



Appl. Phys. Lett., Vol. 82, No. 16, 21 April 2003

OMPD

o
o
I

Laser

- K

delay stage

TPPC

D
o
I

—
o
T

FWHM 200 fs

Photocurrent (arb. units)

~
(o}

Delay (fs)

FIG. 3. Autocorrelation measurement of two-photon-induced photocurrent
in dependence of the time delay between two incident laser beams of 120 fs
pulse width. The inset shows the experimental setup.

layer of this dielectric mirror consisted of an ITO film serv-
ing as the lower electrode of the photodetector. In order to
minimize linear absorption at the operational wavelength
around 800 nm we omitted the fullerene layer. The much
lower residual absorption at the cavity resonance in compari-
son to the one-photon devices results in an increase of the O
factor, which can be achieved by using a dielectric mirror.
Reflectivity measurements and matrix transfer calculations
indicate a Q factor for this structure of approximately 80.
Excitation was performed using a regeneratively amplified
femtosecond Ti:sapphire laser with a repetition rate of 1 kHz
and a pulse duration of 120 fs. The excitation spot was not
focused and had an area of 3 mm?. Figure 2 compares the
two-photon photocurrent (TPPC) and the two-photon fluo-
rescence (TPF) of a cavity diode in the structure of Ag/
MeLPPP/ITO/DBR and a simple Ag/MeLPPP/ITO sample in
the absence of photonic confinement. As expected for two-
photon excitation, all signals grow approximately quadrati-
cally with excitation intensity. Both the photocurrent output
and the two-photon fluorescence are strongly enhanced by
the cavity structure under illumination with femtosecond la-
ser pulses at resonance at 780 nm. The dramatic increase by
a factor of approximately 500 of the nonlinear response re-
sults from strong field enhancement in the OMPDs. We note
that the increase in TPPC is substantially greater under opti-
cal confinement than the increase in TPF, which is a factor of
approximately 200. This suggests that the field enhancement
is particularly strong in the spatial region of charge separa-
tion. As our cavities are one-\ cavities, the optical standing
wave has maxima in the vicinity of the electrodes rather than
in the center of the device. Whereas the photocurrent genera-
tion i1s most efficient for excitation close to the electrodes,
the fluorescence is least efficient there due to quenching pro-
cesses. For this reason one would expect the cavity enhance-
ment to be stronger for the TPPC than for the TPF. We note
that previous results on inorganic two-photon photodiodes
show substantially higher enhancement factors of up to
12000."7 This is, however, mainly due to the absence of an
absorbing metal mirror and the use of two dielectric mirrors.

The strong TPPC allows the use of such nonlinear pho-
todetectors for the characterization of ultrafast laser pulses
without a need for additional nonlinear optical elements.'®
Figure 3 displays an autocorrelation measurement performed

directl?/ with the OMPD. Here, the laser pulses from a mode-
Downlo
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locked Ti:sapphire laser operating at 80 MHz repetition rate
a pulse width of 120 fs and energy of 60 pJ/pulse are fed into
an autocorrelation setup. After passing the setup the two non-
collinear beams are focused to a 500-um-diam spot onto an
OMPD with a resonance at the fundamental laser wave-
length. The superlinear dependence of the two-photon pho-
tocurrent response on intensity is clearly manifested in the
correlation peak, which arises when the two incident pulses
overlap temporally. The width of the correlation peak of
about 200 fs indicates only a very marginal broadening of the
response, demonstrating the rather surprising result that ul-
trafast optical processes on the fs time scale may be detected
and characterized with organic photodiodes.

In conclusion, we have fabricated organic microcavity
photodiodes. The photoresponse in such devices shows a
substantial enhancement in photocurrent in combination with
spectrally narrow sensitivity. These findings can be attributed
to the field enhancement at the cavity resonance wavelength.
The resonance wavelength and the spectral response of such
devices can be easily controlled by varying the organic semi-
conductor film thickness. This is expected to open new de-
sign routes to low-cost color detectors and spectrometers.
Two-photon absorption is also strongly enhanced, making
such organic microcavity photodiodes very interesting for
nonlinear photodetector applications, which can serve, for
example, as compact inexpensive autocorrelators or optical
spectrum analyzers.
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