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Lateral organic bilayer heterojunction photoconductors
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We demonstrate a two-terminal, lateral organic bilayer photoconductor that generates an
external quantum efficiency of (12=*1)%, with an internal quantum efficiency of (140*2)%
indicative of photon-to-electron conversion gain. The photoconductor incorporates a hetero-
junction between N,N’-bis(3-methylphenyl)-N,N’-diphenyl-1,1’-biphenyl-4,4’-diamine (TPD)

and 3,4,9,10-perylenetetracarboxylic bisbenzimidazole (PTCBI).

Excitons generated with

photoexcitation of PTCBI dissociate at the PTCBI/TPD interface and raise the charge carrier
concentration in TPD, increasing device conductance. The exposed top surface enables interaction
with chemical analytes in the environment, motivating the use of the photoconductor as a chemical
sensor that transduces chemical signals into amplified changes in the electrical response. © 2008
American Institute of Physics. [DOI: 10.1063/1.2949317]

The strong optical response of organic thin films across
the visible spectrum initially led to their use in the develop-
ment of organic photoreceptor drums for xerography,l and
more recently to demonstrations of thin film photodetectors2
and solar cells.” In a typical organic photodetector, photoac-
tive organic thin films absorb the incident light to form ex-
citons (bound electron-hole pairs) that can dissociate into
charge carriers that are extracted by applying an external
electric field. The vertical photodetector device geometries
task the photoactive films with the dual role of exciton pho-
togeneration and charge transport. The coupling of these two
dissimilar roles in a single organic film constrains the design
of photodetectors, requiring use of highly absorptive photo-
active films that can simultaneously efficiently transport the
photogenerated charge to the electrodes. Typically, amor-
phous organic thin films, while having desirable optical ab-
sorption characteristics, have low charge carrier mobilities
due to the weak electrostatic interactions between van der
Waals bonded molecules.” Observing that the coupled func-
tionality is due to the device architecture, in this letter we
introduce a lateral heterojunction device geometry to help
separate the exciton generation and charge transport, en-
abling independent optimization of the two processes in an
amplifying photodetector structure.

We fabricate a two-terminal, lateral photoconductor that
incorporates a heterojunction between an optically absorp-
tive thin film that is primarily responsible for exciton gen-
eration, and another film that is optically transparent at the
operating wavelength and is primarily responsible for charge
transport.

The bilayer structure consists of two semiconducting
thin films deposited over interdigitated gold electrodes [Fig.
1(a)]. Figure 1(b) shows the proposed energy band diagram
indicating the highest occupied molecular orbital (HOMO)
and the lowest unoccupied molecular orbital (LUMO) for the
two semiconducting organic layers, while Fig. 1(c) depicts
the cross section of the proposed device stack. Under steady
state bias conditions, conduction can occur through either the
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charge transport layer (CTL) or the exciton generation layer
(EGL). With the proper choice of materials, conduction can
predominantly occur in the CTL. Under illumination, light
with an appropriate emission spectrum will be absorbed by
the EGL, resulting in the formation of EGL excitons. A frac-
tion 7girrusions Of the photogenerated excitons will diffuse to
the EGL/CTL interface. If the EGL and CTL are aligned
such that their offsets in either the LUMOs or HOMOs are
greater than the binding energy of EGL excitons,” as shown
in Fig. 1(b), then it is energetically favorable for excitons to
dissociate at the interface (dissociation efficiency 7). Exci-
ton dissociation in disordered organic materials has been at-
tributed to both surface and bulk effects,* with appropriately
designed heterojunction interfaces achieving 7,~ 1. Once
created, the photogenerated charge will continue to accumu-
late at the EGL/CTL interface until equilibrium is achieved
between carrier generation, bimolecular charge recombina-
tion at the interface, and charge diffusion away from the
interface. In our structures, the accumulated, interfacial holes
in the CTL will balance the electron charge accumulated in
the EGL. The conductivity of the CTL is enhanced by the
population of photogenerated charge carriers, which we mea-

Glass

FIG. 1. The interdigitated gold fingers form 100 photoconductive channels
each 1500+ 1 pum long and 101 um wide yielding an effective device
area of 1.5+0.15 mm?. (a) An optical microscope image of device elec-
trodes. (b) Energy band diagram of a lateral bilayer heterojunction photo-
conductor. (c) A cross-sectional view of the same bilayer device. Both illus-
trations depict the physical processes involved in steadystate device
operation: (1) light absorption in EGL, (2) exciton diffusion through EGL,
(3) exciton dissociation at EGL/CTL interface and charge transfer to CTL,
and (4) charge transport.
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FIG. 2. Absorption spectra, chemical structure, and proposed energy band
levels of the materials used in the bilayer heterojunction photoconductor:
TPD as CTL and PTCBI as EGL. Also shown is the emission profile of the
green LED (dotted line; Aj=532nm) operated at an intensity of

40 mW/cm?. Energy band levels represent experimental values for the
HOMO/LUMO based on photoemission spectroscopy data (Ref. 13).

sure as an increase in photocurrent through an illuminated,
biased device.

To test this device model we use two molecular organic
materials: N, N’-bis(3-methylphenyl)-N,N’-diphenyl-1,1’-
biphenyl-4,4'-diamine (TPD) as CTL and 3,4,9,10-
perylenetetracarboxylic bisbenzimidazole (PTCBI) as EGL,
whose absorption spectra and electron energy band levels are
depicted in Fig. 2. TPD (obtained from H.W. Sands) is a
common hole transport material used in organic light emit-
ting diodes (LEDs) and is optically transparent for wave-
lengths of A>400 nm, identifying it as suitable for use as
the CTL. PTCBI (obtained from Sensient GmBh) is a
perylene dye derivative that has found use as an optically
absorptive material in organic solar cells® with strong absorp-
tion across the visible spectrum, making it suitable for use as
an EGL. From the absorption spectra in Fig. 2, we note that
PTCBI can be optically excited independent of TPD by using
a green LED centered at A=532 nm (Lamina Light Engine,
BL-3000). The thermally evaporated TPD/PTCBI films are
deposited on a series of interdigitated gold electrodes that are
photolithographically defined on glass [Fig. 1(a)]. These
electrodes form a serpentine channel that is 150 1 mm
wide and 101 wm across, resulting in an effective device
area of 1.5+0.15 mm?>.

Thin film absorption measurements are captured using a
UV-vis-NIR spectrophotometer (NKD-8000, Aquila Instru-
ments). The green LED light engine, powered by a sourcem-
eter (Keithley 2400), provides excitation with intensities of
up to 40 mW/cm? as measured with a calibrated photodetec-
tor (Newport, 818-UV). The emission spectrum of the green
LED was measured using a spectrometer (Ocean Optics,
USB4000). Device current-voltage (I-V) characteristics were
measured in a dark box using a picoammeter (Keithley
6487). Photocurrent spectra were measured using a digital
lock-in amplifier (Stanford Research Systems, SR830) with
monochromatic illumination provided by a 1000 W xenon
arc lamp (Oriel) passed through a monochromator (Princeton
Instruments/Acton Spectrapro 300i). The optical chopping
frequency was set at 40 Hz, giving the device enough time to
respond to the illumination. Both /-V characteristics and pho-
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FIG. 3. Semilogarithmic plot of the current-voltage characteristics from a
series of lateral photoconductor devices using TPD and PTCBI. Current-
voltage sweeps are taken in the dark (dashed) and under illumination (solid)
through the glass substrate from a 40 mW/cm? green LED (Npeak
~532 nm). The inset cross-sectional diagrams describe the thicknesses and
device structures. Both heterojunction devices [Au/PTCBI/TPD(black) and
Au/TPD/PTCBI (dark gray)] exhibit steady-state photoresponse. The Au/
TPD device (light gray) exhibits no photoresponse to the green LED, con-
sistent with its absorption spectrum. The Au/PTCBI device (gray) exhibits a
steadystate photoresponse with lower currents than heterojunction devices.

tocurrent spectra were taken in a nitrogen glovebox
(MBraun) environment to prevent device degradation during
measurements.

Figure 3 plots the steady state I-V characteristics, both
with and without LED illumination, from a series of devices
containing either single films or bilayer heterojunctions of
PTCBI and TPD. The device that contains a single
50+ 0.5 nm thick film of TPD generates no measurable pho-
toresponse, which reflects the inability of TPD to absorb
green (A=532 nm) light. The thin film of PTCBI does gen-
erate a moderate photocurrent in response to the green light
illumination, despite the absence of a heterojunction. The
heterojunction devices show a comparative improvement in
the photoresponse and a light to dark current ratio of over
100, which suggests that the TPD/PTCBI heterojunction in-
terface is efficiently dissociating excitons.

Wavelength-resolved photocurrent spectra from three
lateral photoconductors, containing films of PTCBI and
TPD, are shown in Fig. 4. The photocurrent is measured
with the lock-in amplifier locked to the light chopping
frequency, effectively filtering out the dc dark current. TPD/
PTCBI heterojunction devices are over 1000-fold higher
as compared to external quantum efficiencies (EQEs), reach-
ing an EQE of (12%x1)% at N=552 nm. Accounting for
the number of photons absorbed in our thin films at that
wavelength, the internal quantum efficiency for
Au/TPD(5 %= 0.5 nm)/PTCBI(10+ 0.5 nm) is (140*=2)%,
when operated at an applied electric field of 1.25
X 10° V/cm. An internal quantum efficiency of greater than
100% indicates an optical-to-electrical conversion gain in the
device.

Under steady state conditions, the photocurrent gain rep-
resents the ratio of the photogenerated charge carrier lifetime
to the transit time across the device of charge carriers in-
jected at the contacts.” In the steady state, the total carrier
generation rate must be equal to the total carrier recombina-
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FIG. 4. Semilogarithmic plot of EQE vs wavelength, for the series of device
structures illustrated. Electric fields applied during the measurement are in-
dicated. The Au/TPD device yields no measurable photoresponse. Both het-
erojunction devices (solid and dashed lines) exhibit over 1000-fold improve-
ment in the EQE over the Au/PTCBI device (dotted line), at twofold lower
bias voltages. At AN=552 nm, the Au/PTCBI/TPD device and Au/TPD/
PTCBI device yield EQEs of (8 = 1)% and (12 = 1)% respectively. Account-
ing for the absorption of A=552 nm light in the PTCBI/TPD device, we find
an internal quantum efficiency of (140*2)%.

tion rate, which can be written as the following relation:
n
—-d=nd,
r

where n is the charge carrier number density, 7 is the carrier
lifetime, d is the device thickness, # is the photolumines-
cence efficiency of the active material, and ® is the incident
photon flux per unit area. Assuming uniform charge density
in the lateral direction along current flow, device photocur-
rent can be modeled by the one dimensional drift current
density with electron and hole densities equal (n=p). u, and
1, are the electron and hole mobilities, respectively, and E is
the applied electric field. Substituting the steady state condi-
tion relation and solving for the total current density yields

L I 1
Jphoto = qn(p, + p,) E = 617]@; X T(— + —) )
th 1

L is the device channel length and 7, and 7, are the electron
and hole transit times, respectively. In amorphous organic
thin ﬁlms it has been shown that energetic and spatial
disorder™ can lead to a significant population of energetic
traps, which can be filled by the excess photogenerated car-
riers, yielding a higher effective mobility while the trapped
charge persists in the nonequilibrium states. The time it takes
for trapped charge to relax is dependent on the disorder in
the film, so much so that the carrier transit time can be
shorter than the carrier lifetime in strongly disordered mate-
rials. Thus, for every photoexcited carrier, many more carri-
ers can be transported across the film before the photoexcited
carriers relax, which leads to photoconductive gains above
unity.

The structure of the lateral heterojunction photoconduc-
tor exposes the top surface of the EGL to the external envi-
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ronment, necessitating device encapsulation with either an
inert thin film of wide optical bandgap or packaging in an
inert gas environment. Alternatively, leaving the top EGL
surface unpackaged allows the bilayer photoconductor struc-
ture to be used as a chemiresistor that separates the
chemosensing and conduction functions across the EGL and
CTL, respectively, enabling independent optimization of the
two device functions. By incorporating a chemosensitive
fluorescent conjugated polymerlo_12 as the EGL, we envision
a vapor-phase, solid-state chemical sensor architecture that
utilizes the sensing properties of the fluorescent polymer
while maintaining the chemiresistor’s simple transduction of
chemical to electrical signals. When using a chemosensitive
fluorescent polymer the exciton generation not only depends
on the intensity of incident light excitation, but also on the
presence of analytes in the local environment.'" The photo-
luminescence efficiency 7 of chemosensitive fluorescent
polymers is strongly modulated by a chemical signal. As the
photoconductive gain is related to the incident light intensity,
the sensor’s sensitivity can be tuned by changing the incident
light signal, giving the sensor a large dynamic range.

The lateral bilayer photoconductor structure presented
here exhibits gain and is shown to generate photocurrent
exclusively from absorption in the PTCBI film. In contrast to
a single layer photoconductor, the bilayer device separates
the charge generation mechanism from the charge transport
mechanism. Doing so allows the engineering of each layer
for optimized light to dark current ratio or adding chemical
sensing abilities.
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