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Fullerene Photodetectors with a Linear Dynamic Range of
90 dB Enabled by a Cross-Linkable Buffer Layer
Fawen Guo, Zhengguo Xiao, and Jinsong Huang*

Organic photodetectors have attracted significant attention for
their immediate application to the replacement of conventional
devices based on expensive inorganic semiconductors. Potential new uses in both civil and defense applications take advantage of organic photodetectors’ light weight, flexibility, and
excellent form factors.[1] An example of a unique application for
an organic photodetector is the capability to form organic thin
film devices on curved surfaces for things such as an artificial
eye and a hemispherical array detector for imaging (HARDI),
which allows a very wide field of view without the aberrations
encountered in a flat focal plane.[2] In addition to the low cost
of materials and the fabrication process, which is the typical
advantage of organic electronic devices, organic photodetectors
have the potential to outperform their inorganic counterparts;
because their low conductivity enables them to dramatically
reduce noise. A recent study shows that polymer-based organic
photodetectors can have higher sensitivity than traditional
photodetectors, such as silicon and InGaAs photodetectors in
some wavelength range.[3]
The response characteristics, such as linearity, to very weak
light are of ultimate importance when detectivity of organic
photodetectors reaches the parity with traditional photodetectors. Recent studies on organic photodetectors have focused
on improving detectivity, but little attention was paid to the
linearity of the organic photodetector’s responsivity, especially
in a low light intensity region. The reported detectivities were
mostly calculated according to the organic photodetector’s
reponsivity at relatively strong light levels: orders of magnitude
larger than the calculated noise equivalent power (NEP). It has
not been shown yet whether the organic photodetectors can still
maintain the high responsivity at low incident light intensity
close to the NEP. However, there is concern that the organic
photodetector would loss its high responsivity at such a low
light level as there is generally a much higher density of charge
traps in organic rather than inorganic semiconductor materials
due to the amorphous or polycrystalline organic semiconductors used. When the charge density generated by the incident
light is comparable to the charge trap density, the photogenerated charges might be trapped rather than contribute to the
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device photocurrent. In this paper, we report on a highly sensitive, fullerene-based organic photodetector device which shows
linear response from the indoor light intensity all the way down
to 12 pW m−2. This type of organic photodetector presents a
linear dynamic range of 90 dB.
Our first step is to fabricate a photodetector with very small
noise current so that the weak light generated small photocurrent can be distinguishable from the noise current. The lightabsorbing material used in this study is fullerene (C60) which is
one of the most broadly studied materials for devices, including
organic solar cells and organic field effect transistors, because
of its excellent optoelectronic properties, such as a large light
absorption coefficient, of 1.21 × 105 cm−1 at 442 nm,[4] and high
electron mobility, of up to 6~11 cm2 V−1 s−1.[5] In our organic
photodetector devices, the thickness of C60 is around 80 nm
which allows more than 60% of the light above its optical
bandgap to be absorbed. In our previous study, it was found
that C60 is a good photoconductor material with much longer
hole trapping time than electron transit time. A photoconductive gain above 50 under reverse bias below −5 V has been
observed in the device with a structure of indium tin oxide
(ITO)/poly(3,4-ethylenedioxythiophene):poly(styrenesulfonate)
(PEDOT:PSS) (35 nm)/C60 (80 nm)/2,9-dimethyl-4,7-diphenyl1,10-phenanthroline (BCP) (20 nm)/aluminium Al (100 nm).[6]
The high gain can be explained by the trapped-hole-enhanced
electron-injection process: the photogenerated holes tend
to be trapped at the interface of PEDOT:PSS and C60 layers,
because C60 is a poor hole transport material. The high density
trapped holes induce the band-bending in C60 at the interface
of PEDOT:PSS and C60 layers. They also reduce the electron
injection barrier dramatically, which eventually leads to strong
secondary electron injection from PEDOT:PSS to C60. One
trapped hole can induce the injection of more than one electron which generates the gain and such mechanism was also
observed in another type of nanocomposite photodetector in
our previous study.[6,7] Despite of the high gain, these organic
photodetector devices are not suitable for weak light detection
because they suffer from high dark-current up to 2 mA cm−2
at –6 V. Although there is a large electron injection barrier of
0.6 eV from PEDOT:PSS to C60 under reverse bias, the electron
injection was enormously strong under reverse bias. This large
dark-current might originate from the leakage current due to
the thin, rough C60 layer and the broadening of the C60’s lowest
unoccupied molecule orbital (LUMO) of amorphous C60 film on
the surface of PEDOT:PSS. Therefore increasing the thickness
of C60 film won’t be able to reduce the dark-current significantly.
This strong electron injection provides the required ohmic contact for the photoconductive gain but, on the other hand, results
in large noise current. In addition, both the C60 and BCP layers
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in Figure 1(c), which is a thermal annealingassisted hydrolysis process.[11] The insertion
of a C-TPD layer was found to reduce the
dark-current density by three to four orders of
magnitude compared with the control device
without a buffer layer, as shown in Figure 1(d).
In addition to increasing the electron injection barrier and suppressing electron transport, the cross-linked TPD at the ITO side is
also expected to reduce the leakage current
and eliminate catastrophic shorts by forming
a condensed, smooth, conformal, and pinhole free buffer layer on top of PEDOT:PSS.[10]
In order to verify the role of this buffer layer
in reducing the roughness of ITO and C60
layer, the surface roughness of each layer
was measured with AFM. The stacking
layer of ITO/PEDOT:PSS (35 nm)/C-TPD
(25 nm)/C60(80 nm) and the AFM images
over the area of 1 μm × 1 μm are shown
in Figure 2. The commercial ITO is rough,
with an average roughness of 4.547 nm. The
spin-coated PEDOT:PSS layer can reduce
the roughness of an ITO surface by almost
three times; and the C-TPD layer can further
reduce the roughness by four times, resulting
in a very smooth surface with a roughness of
0.407 nm. A much smoother surface with a
C-TPD buffer layer also improves the film
quality of the C60 layer. As shown in Figure 2,
the C60 layer on C-TPD is twice as smooth
as the C60 layer on PEDOT:PSS. The more
smooth and condensed C60 film should also
contribute to the dramatically reduced small
dark-current observed because of the reduced
degree of disorder in C60.
The dark-current reduction in our devices
should ascribe to the two factors: one is the
introduced high electron injection barrier at
Figure 1. (a) Device structure and (b) the energy diagram of the fullerene based organic photo- the PEDOT:PSS/C-TPD interface, and the
detector with C-TPD buffer layer; (c) the hydrolysis condensation process of C-TPD in air for other is the reduced leakage current and catathe cross-linking of TPD; (d) dark-current of the fullerene based organic photodetector with or strophic shorts due to the inserted compact
without C-TPD buffer layer.
C-TPD buffer layer and improved film quality
of C60. To find out which dominates the darkare good electron transport materials, which help to conduct
current reduction, a series of devices were fabricated with difthe large electron leakage current. In this work, we successferent C-TPD thicknesses. In addition, a series of devices with
fully reduced the dark-current by 3~4 orders of magnitude, by
a non-crosslinking polymer, polyvinylcarbazole (PVK) were also
using a buffer layer of cross-linked 4,4’-Bis[(p-trichlorosilylprofabricated as the buffer layer. PVK was chosen here because it
pylphenyl)phenylamino]-biphenyl (C-TPD) at the interface of
has comparable LUMO level with that of C-TPD, but does not
PEDOT:PSS and C60. The device structure of ITO/PEDOT:PSS
has as good film forming capability as C-TPD. Therefore such
(35 nm)/C-TPD (25 nm)/C60(80 nm)/BCP (20 nm)/Al (100 nm)
comparison is expected to distinguish the contribution of darkis shown in Figure 1(a).
current reduction from the two factors.
C-TPD has been studied in organic light-emitting diodes as
Figure 3 shows the dark-current of the devices at reverse
an anode modification layer and hole injection/transport layer.[8]
bias of –6 V with different buffer layer thickness using C-TPD
C-TPD is a good hole transport material, but it has poor electron
and PVK as buffer layers. It can be seen that inserting as thin
mobility. This C-TPD layer introduces a high electron injection
as 15 nm C-TPD can reduce the dark-current of the C60 based
barrier of 2.8 eV, which can greatly reduce the dark current, as
photodetector by three orders of magnitude. Increasing the
shown by the energy diagram in Figure 1(b).[9,10] The molecular
thickness of C-TPD up to 80 nm results in further reducing
structure and cross-linking process of the C-TPD layer is shown
of the dark-current but by less than one order of magnitude.
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to the dark-current reduction in our devices
and C-TPD combines these two very well.
The lowest detectable light by a photodetector is characterized by NEP, which is the
lowest light power needed to distinguish the
photocurrent from noise current. The NEP of
a photodetector can be described as:[12]
NE P =

Figure 2. AFM images of the surface with film stacking structure shown in the figure as well.
Surface roughness is also labeled for each film surface.
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Although a thick C-TPD reduces the device dark-current, it also
reduce the external quantun efficiency (EQE) and the device
response speed. All the device characteristis shown below are
from the device with 25 nm C-TPD which gives a compromised
combination of low noise and large external quantum efficiency and fast response speed. The photodector devices using
PVK buffer layer would have the same the dark-current with
that with C-TPD buffer layer because of the introduced same
energy barrier, if the dark-current reduction is solely caused
by the introduced energy barrier. However, the dark-current of
the devices with PVK buffer layer is two orders of magnitude
higher than the device with C-TPD layers with same buffer
layer thickness. Increasing the thickness of PVK is not effective
to reduce the dark-current since 80 nm thick PVK doesn’t give
as low dark-current as 15 nm C-TPD. It is expected that the film
quality of PVK is not good enough to exclude possible current
leakage even when it is as thick as 80 nm. The results shown
here indicate that although a large energy barrier can effectively
reduce the charge injection and thus dark-current, a prerequisite is the film should be compact enough so that the leakage
current won’t occur. It is thus concluded both factors contribute
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Figure 3. Dark-current density of the C60 based photodetetors at the bias
of –6 V using buffer layer of C-TPD and PVK of different thickness.
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(2e ī b + 2e ī d + 4k B T/R)1/2 1/2
B
Res
(1)

where e is the elementary charge, ib is the
photocurrent generated by background radiation, id is the the dark-current, kb is the Boltzmann constant, T is the tempreture in kelvin,
R is the resistance of the detector, Res is
responsivity, and B is the bandwidth. For the
photodetector working in UV-Vis regions, ib
can be neglected compared to the other two
noise sources. Responsivity can be calculated
from the measured external quantum efficiency (EQE) by

Res = EQE/hv

(2)

where hν is the energy of the incident photon in terms of
electron-volts. To find out the NEP for this type of organic
photodetctors, the noise current was measured with a Stanford Research SR830 Lock-In amplifier following the method
reported by G. Konstantatos et al.[13] In order to be consistent
with the EQE measurement, the lock-in frequency of the noise
current was set to be 35 Hz, the same as the modulation frequency in the EQE measurement. Figure 4(a) shows the noise
current vs. the dark-current. The shot noise limit and thermal
noise limit calculated are also shown in the figure for comparison.[12] The measured noise current was found to be a little
higher but very close to the shot noise limit. It is clear that the
detector’s noise was dominated by dark-current noise (shot
noise). Therefore, in order to detect weak light, it is crucial to
reduce the dark-current of organic photodetectors.
The measured EQE curves of the fullerene based organic
photodetectors with C-TPD buffer layer are shown in Figure 4b
at different applied reverse bias. The highest EQE at –6 V is
close to 40%. It is clear that the insertion of a C-TPD layer eliminates the photoconductive gain. The inserted C-TPD layer
interrupts the ohmic contact at the PEDOT:PSS/C60 interface,
as evident from the rectifying type dark-current curve shown
in Figure 1d. Therefore, there is no continuous supply of electrons for the photoconductive gain. From another prospective,
the inserted C-TPD layer eliminates the trapped-hole-enhanced
electron injection from PEDOT:PSS to C60 because C-TPD is too
thick for the tunneling of electrons even though the hole can
still be trapped in C60. However, the insertion of this layer does
increase the sensitivity of the fullerene based organic photodetector yielding a much smaller NEP and larger specific detectivity due to the dramatically reduced noise current. The NEP
is calculated to be 0.55 pW which is ten times smaller than the
fullerene based organic photodetector without the buffer layer.
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The upper limit of the fullerene based organic photodetector
response speed is limited by the electron transit time from the
anode to the cathode side which is determined by the applied
bias (V), thickness of the C60 film (d), and the mobility of electrons in C60(μe):
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Figure 4. The measured noise current (a) and EQE (b) of the fullerene
based organic photodetectors with a C-TPD buffer layer at 35 Hz under
different dark-current or bias, respectively. The responsivity of the photodetectors under the bias of –6 V is also shown in (b). (c) The calculated specific detectivity of fullerene based organic photodetectors with
a C-TPD buffer layer.

(4)

The calculated transit time is 1 ns under reverse bias of –6 V
using a moderate electron mobility of 0.01 cm2 V−1 s−1. The
measured response time can be limited by the RC constant of
the measurement circuit. The response speed was measured
using a chopped light pulse recorded by an oscilloscope, as
shown in Figure 5(a). The RC time constant of the circuit is calculated to be 10∼30 μs. And the shutter switching on (off) time
is 50 μs, which is calculated from the spin-rate of the chopper.
The device shows a rise and decay time of 50 μs which is
clearly limited by the slow shutter switching on (off) speed. The
response speed of the fullerene based organic photodetector is
quicker than 50 μs (20 kHz).
As decribed above, the specific detectivity of our devices was
calculated using the EQE measured at a relatively large incident
light intensity of ∼μWcm−2. So direct comparison of specific
detectivity might not tell the exact capability of a photodetector
to detect the weak light with light intensity approaching NEP.
In practical applications, a constant responsivity from strong
light all the way down to weak light is critically important so
that an organic photodetector can be applied for weak light
sensing. Every photodetector only has a finite range of linear
response and is characterized by linear dynamic range (LDR) in
which the responsivity keeps constant. In inorganic photodetectors, LDR is limited by NEP at the weak light end and by saturation of photocurrent at the strong light end. But this senario
does not necessarily hold for organic photodetectors because of
the existing of large density of charge traps in most non-single
crystal organic semiconductors.

The specific detectivity gives a fair comparison of different
photodetectors by normalizing the device area:[3,14]
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(3)

where A is the effective detector area in cm2, Bis the bandwidth, Resis responsivity, and in is the measured total noise
current. D* is proportional to Res and inversely proportional to
the noise current. Although the responsivity of the C60 based
photodetector was reduced by two orders of magnitude with the
inserted C-TPD buffer layer compared to our previous photoconductive type C60 based photodetector, the dark-current was
decreased by more than three orders of magnitude. Therefore
the specific detectivity, or sensitivity of the C60 based photodetector, has been increased by 1 order of magnitude in this work.
The peak D* of the photodetector reaches 3.6 × 1011 Jones at
370 nm, as shown in Figure 4(c), which is more than ten times
higher than the control device without the C-TPD buffer layer.
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Figure 5. Response speed (a) and linear dynamic range (b) of the
fullerene based organic photodetectors with a C-TPD buffer layer. The
slope of the fitting line in (b) is 0.96.
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Experimental Section
C60 was purchased from Nano-C; BCP was purchased from SIGMAALDRICH; PEDOT:PSS was purchased from H.C.STARCK; All materials
were used as received without any purification. TPD-Si2 was synthesized

Adv. Optical Mater. 2013, 1, 289–294

following the route from literature.[18] For the device fabrication,
PEDOT:PSS was first spin-coated onto a cleaned ITO glass substrate at
a spin speed of 3000 rpm, and then baked at 120 °C for 30 min; TPD-Si2
was first spin coated on the top of a PEDOT:PSS layer and then thermally
annealed at 110 °C for 1 h in air to get it cross-linked; C60, BCP and
aluminium were deposited by thermal evaporation. The active device
area is 0.05 cm2 which is defined by the shadow masks.
The shot noise limit is calculated by in, s h = √2e Bid , where e is the
elementary charge, B is the modulated bandwidth, id is the dark current.
The thermal noise limit is calculated by in, th = 4k BRTB , where kB is
Boltzmann constant, T is the absolute temperature, B is the modulated
bandwidth, R is the resistance of the detector.
For the device dynamic range measurement, different light sources
were used to provide a large variation of light intensity by ten orders
of magnitude. For light intensity below 1 μWcm−2, the monochromatic
light was provided by a 350 nm LED powered by a function generator.
For stronger light intensity up to 0.1 Wcm−2, the light was provided by
a Xe lamp; and the UV part of the light is calculated by the integration
of UV light intensity from the Xe lamp spectrum. The light intensity was
first calibrated with a Si diode at the highest light intensity of each light
source, and the lower light intensities were obtained by attenuating the
strong light with a set of Newport neutral density filters.

COMMUNICATION

Here, the LDR of the fullerene based organic photodetectors
was directly measured by recording photocurrent under modulated illuminations from strong light intensity of 0.1 Wcm−2
all the way down to NEP. The photocurrents of the fullerene
organic photodetector device under different light intensities
were recorded with a Lock-In Amplifier SR830 at a frequency
of 35 Hz, and the result is shown in Figure 5(b). The lowest
detectable light intensity is 12 pWcm−2, with an effective device
area of 0.05 cm2, yielding a detectable power of 0.6 pW, which
is very close to the calculated NEP of the C60 based photodetectors. This is the first time an organic photodetector with
a linear response at such a low level light intensity has been
reported. The photocurrent saturated at high light intensity
reaches 0.1 Wcm−2. The fullerene organic photodetector device
with a buffer layer has a linear response to varied light intensity by nine orders of magnitude, corresponding to a LDR of
90 dB. This high LDR is larger than those of many inorganic
photodetectors, such as GaN (50 dB)[15] and InGaAs (66 dB)[3]
and approaches that of silicon photodetectors (120 dB).[3] It is
also among the highest reported LDRs for both small molecule
and polymer-based organic photodetectors.[3,16]
It is not clear yet why the fullerene based organic photodetector has such a good linear response at such a low level of
light, but it is expected that the following three factors should
contributed to this large LDR observed in C60 based photodetectors here: 1) excellent electron transport property of fullerene;[5]
2) much more efficient free electron generation from Wannier
exciton under small electric field in fullerene than any other
organic semiconductor acceptor;[17] 3) the low density electron trap density in fullerene. The light intensity dependent
of photocurrent was fitted by a line with a slope of 0.96. The
slightly deviation of the slope from 1 indicates there is still
charge recombination in the photodetector. Since the photodetector device works under a high reverse bias of –6 V, it is
expected that the bimolecular recombination, charge transfer
exciton recombination or trap-assisted electron recombination
should not dominate the recombination. While monomolecular
recombination, such as Frenkel exciton recombination, is likely
considering the relative thick C60 film of 80 nm and non-purified C60 used. It also indicates a path to future increase the
performance of current C60 based photodetector by exploring
the growth of highly crystalline C60 for higher speed, lower
noise, and larger LDR organic photodetectors.
In summary, the dark-current of the photodetector has been
successfully reduced by a C-TPD buffer layer. The high detectivity of 3.6 × 1011 Jones at 370 nm and the wide LDR of 90 dB,
along with a response speed faster than 20 kHz, suggests that
the fullerene based organic photodetectors reported here can
open the way for many potential applications, such as replacing
the CCD array in a digital camera. The high sensitivity of this
type of photodetector, particularly in the UV range, makes it
potentially useful in monitoring the weak UV emission from
scintillators which generally give UV emission.
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