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www.rsc.org/ We developed organic photodetectors with high photocurrent gain by enhancing the electron tunneling
from the electrode owing to the effect of interface charge trapping. Furthermore, we utilized a down-
conversion material to enhance the photoresponse in the deep-ultraviolet (UV) range. As a result, the
photodetectors achieved an external quantum efficiency (EQE) of as high as 4000% while the
photorepsonsivity remains 9 A/W at the UV wavelength of 250 nm. Finally, a broad-photoresponse
high-performance organic photodetector covering a spectral range from deep-UV (200 nm) to near-
infrared (1000 nm) was successfully realized. The maximum EQE exceeds 10000% at a wavelength of

780 nm, and the photoresponsivity and specific detectivity are up to 70 A/W and 4x10'? Jones,

respectively.

Introduction

The detection of light from ultraviolet (UV) to near-infrared
(NIR) spectral range is a technology in demand for many
applications, communications, remote

including imaging,

control, environmental monitoring, and chemical/biological

sensing [

However, traditional inorganic photodetectors
show relatively narrow response spectra. Recently, organic
photodetectors have shown broad-spectral-response
properties.l*! Considerable effort has been made to synthesize
materials and design device structures to construct organic
photodetectors with broad spectral response.”""*) However, the
photoresponse in deep-UV and NIR ranges is still relatively
low because of the UV light absorption of the substrate and
electrode and the insufficient exciton separation in the organic
layer. Thus, an effective method for solving these problems is
imperative.

A method employed to solve the low photo response in the
deep-UV range is using a thin layer of aluminum as a semi-
transparent electrode,!'*'# which can help UV light reach the
active layer. However, the response in the visible range will be
reduced because of the visible-light absorption of aluminum.

Another method is using quartz glass as substrate and
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conductive electrode, such as PEDOT:PSS, which does not
have UV absorption.'¥] However, the use of quartz glass
instead of ordinary glass increases the cost. Moreover, flexible
devices are also difficult to realize. Accordingly, we introduce
in this paper a more advantageous strategy to address this issue.
Given that large-bandgap organic materials can absorb UV light
and emit visible light, we can use this down-conversion process
to convert the UV light into a photocurrent. At the same time,
the visible light can pass through the layer of large-bandgap
organic material to form a photocurrent. Thus, the devices can
respond to light from the deep-UV-NIR range. The photon-to-
current conversion efficiency of organic photodetectors can be
improved by
photoconductive gain, which facilitates the enhancement of the

constructing a device with a large
photoresponse in the NIR range.!"* 2" Therefore, high-response
organic photodetectors capable of broad-spectrum detection can
be achieved by combining the aforementioned two methods.

In this paper, we report organic photodetectors with both
high gain and broad spectral response from deep-UV-NIR
range. In our devices, a thin interfacial charge-trapping layer is
introduced to enhance the electron tunneling from the electrode,
thus significantly increasing the photocurrent gain, and a wide-
bandgap organic material, 4P-NPB, is used as the down-
conversion layer to extend the spectral response to deep-UV
light. The
photoresponse in the wide spectral range of 250-1000 nm.
Their external quantum efficiency (EQE) is over 1000% in the
spectral range of 250-900 nm, and the maximum EQE exceeds
10000% at a wavelength of 780 nm.

resulting organic photodetectors show high
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Experimental

TPBi, LiF, TAPC, SnPc, BCP, and C70 were purchased
from Sigma-Aldrich without further purification. The devices
were fabricated by the thermal evaporation of the organic
materials on indium—tin—oxide (ITO)-coated glass substrates
each with a sheet resistance of 10 /sq. Prior to deposition, the
substrate was thoroughly cleaned in an ultrasonic bath using
detergents and de-ionized water successively. The pure and
doped organic films were deposited under high-vacuum
condition (pressure < 10~* Pa). The thickness was controlled in
situ by a quartz crystal monitor and calibrated by Dektak 6M
Profiler (Veeco). Aluminum electrodes were deposited on the
organic films through shadow masks. The active area of each
device was 16 mm?* All the measurements were performed
under ambient condition.

For quantum-efficiency measurement, a setup by 7-Star
Optical Instruments Co., Ltd., Beijing was used. The incident
light from a halogen lamp (250 W) passing through a
monochromator was chopped at 160 Hz and focused on the
active areas of the devices. The photocurrent signal was first
amplified using a low-noise current amplifier (DLPCA-200,
Femto) and then detected by a lock-in amplifier (SR830,
Stanford Research Systems). The reverse biases on the devices
were obtained using Keithley 236 Source-Measure Unit. A
crystalline silicon photodiode (S1337-1010BQ, Hamamatsu)
calibrated by the National Institute of Metrology of China was
used as a reference before each measurement.

Results and discussion

Only free charge-carriers organic
semiconductors. The charge carriers, which form current in
organic semiconductors, are usually injected from the
electrodes. An injection method is tunneling injection.
However, the injected current through tunneling injection is
affected by the width and height of the potential barrier together
with the occupied energy states and unoccupied energy states in
the electrode and semiconductor. If the free-charge carriers
generated by the light could be used to enhance tunneling
injection from the electrode, a high photoconductive gain
should be obtained. Thus, we could increase the EQE of the
organic photodetectors by this method.

In this study, we designed an effective device structure to
realize large-electron tunneling injection and consequently
successfully fabricate organic photodetectors with high
photoconductive gain. The device structure and the diagram of
its schematic energy level are shown in Figure 1. A thin hole-
blocking layer and a hole-accumulation layer of C70 are
introduced onto the side of ITO cathode. The hole-blocking
layer may be organic electron-transporting molecules with a
large bandgap, such as TPBi and BmPyPB, and may use
interface insulators, like LiF. A wide-bandgap -electron-
transporting molecule, BCP, is inserted between the aluminum
electrode and the active layer, which consists of TAPC and C70
blends, to avoid the injection of electrons from the aluminum

few exist in
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anode. Therefore, under dark condition, the electrons and holes
are difficult to inject into the active layer because of the
blocking layers at the electrode interfaces. However, under light
condition, the exactions are generated in the TAPC:C70 active
layer and then separated and transported toward the electrodes
under external electric field. A large amount of holes are
accumulated in the C70 layer by the hole blocking layer,
resulting in a considerable voltage drop in TBPi; thus, the width
of the barrier to electron tunneling injection from the ITO
electrode is significantly reduced because of band bending. In
this case, a large amount of electrons are injected into the
device from the ITO cathode. Therefore, the device produces a
large photocurrent; as a direct result, the EQE values of the
devices are greatly enhanced. The detailed structure of the
organic photodetectors fabricated are ITO\TPBi(3 nm)\C70(10
nm)\TAPC:C70(70 nm)\BCP(10 nm)\Al, ITO\Bmpypb (3
nm)\C70(10 nm)\TAPC:C70(70 nm)\BCP(10 nm)\Al and
ITO\LiF (3 nm)\C70(10 nm)\TAPC:C70(70 nm)\BCP(10
nm)\Al. Figure 2(a), (b), and (c) show the EQE properties of the
organic photodetectors with 3 nm TPBi, BmPyPB, and LiF
hole-blocking layers, respectively. The EQE values of all three
devices exceed 100% and reach 1000% in the spectral range of
200-700 nm at over —4 V bias. The maximum EQE even
10000%. that TPBi,
BmPyPB, and LiF all play effective blocking functions in hole

exceeds This result also indicates
accumulation and electron tunneling. Obviously, the increase in
EQE should be attributed to the large tunneling of electrons
resulting from the hole accumulation at the interface via light.
In fact, we found that the structure of our device with LiF as
hole-blocking layers is similar with the Metal-insulator-
semiconductor (MIS) in traditional inorganic device®!. The
ITO, LiF and C70 behaves like metal, the insulator and
semiconductor, respectively. And the thickness of LiF is 3 nm,
which is just in the range from 1 nm to 5Snm of insulator layers
in MIS devices. Moreover, the small difference between the
work funtion of ITO around 4.8 eV and LUMO of C70 about
4.6 eV is beneficial to the electron tunneling injection from the
ITO. According to the book of Physics of Semiconductor
Devices authored by S. M. Sze, the relation between the current
density and voltage can write to Equation 1,”'! As shown in
Figure 2(d), the current density-voltage characteristics of the
three devices exhibit a linear behavior in semi-logarithmic
plots; this trend is well in accordance with the equation of
tunneling current (Equation 1), further proving that the large
electron current is indeed due to the tunneling of electrons.

« _ 1/2 B
J = AT D, qq)B/kT(qu/kT ) 0

where A" is the effective Richardson constant, 7 is the
temperature, aT=2(2m*/h2), m" is effective mass, % is the
reduced Planck constant, ¢ is the effective barrier height for
tunneling, d is thickness of insulator layer, g is the absolute
value of electron charge (1.6x107" coulombs), ¢y is the barrier
height, k is Boltzmann constant.
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Figure 1. Structure and schematic energy level diagram of the fabricated organic photodetectors. The schematic diagram of the
energy-level alignment under work condition are given, including the processes of hole accumulation and electron injection. The
chemical structures of organic materials used in this study together with the lowest unoccupied molecular orbital (LUMO) and the
highest occupied molecular orbital(HOMO) are shown at the bottom.
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Figure 2 EQE properties of devices (a) ITO\TPBi(3 nm)\C70(10 nm)\TAPC:C70(70 nm)\BCP(10 nm)\Al, (b) ITO\Bmpypb (3
nm)\C70(10 nm)\TAPC:C70(70 nm)\BCP(10 nm)\AI and the inset shows the chemical structure of Bmpypb, and (¢) ITO\LiF (3
nm)\C70(10 nm)\TAPC:C70(70 nm)\BCP(10 nm)\Al. Current density—voltage characteristics of the three devices are shown in (d),
in which the fitting curves by Equation 1 are also given.
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When TAPC:C70 is adopted as the active layer limits the
photoresponse in the wavelength range of 300—-800 nm. To
broaden the wavelength photoresponse, we use SnPc with NIR
light absorption capacity to replace TAPC to fabricate the
photodetectors. The detailed structure of the organic
photodetectors fabricated is ITO/TPBi (3 nm)/C70 (10
nm)/SnPc:C70 (70 nm)/BCP (10 nm)/Al Figure 3(a) shows the
EQE properties of the fabricated devices at different bias
voltages. Clearly, the wavelength response is extended to 1000
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nm. The EQE is over 100% in the wavelength range of 300—
950 nm. The maximum EQE can reach 10000% at a
wavelength of 780 nm and —8 V bias. This result also indicates
that the device structure we designed is also suitable for
narrow-bandgap materials. As shown in Figure 3(b), the current
density—voltage characteristic of the fabricated device based on
SnPc:C70 is similar to that of the device based on TAPC:C70,
indicating that the high photocurrent gain in this narrow
bandgap-based device results from the electron tunneling.
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Figure 3. (a) EQE properties of the photodetectors with ITO/TPBi (3 nm)/C70 (10 nm)/SnPc:C70 (70 nm)/BCP (10 nm)/Al
architecture under different bias conditions. The chemical structure of SnPc is also shown. (b) Current density—voltage

characteristic of the photodetectors under dark condition.

To achieve a broad spectral response device, we covered the
surface of glass with a thin layer 4P-NPB of 200 nm to enhance
the photoresponse in the deep-UV range. **?*! The detailed
structure of the organic photodetectors fabricated is 4P-NPB
(200 nm)/Glass/ITO/TPBi (3 nm)/C70 (10 nm)/SnPc:C70 (70
nm)/BCP (10 nm)/Al. A diagram of the work principle is
shown in Figure 4(a). When the UV light irradiates the 4P-NPB,
the device will absorb the light and emit visible light. The
generated visible light will then reach the photoactive layer,
finally converting the UV light into the photocurrent. The
results are shown in Figure 4(c). Notably, the response range
can indeed extend to the deep-UV light wavelength of 250 nm,
and the response wavelength should be able to extend well to
200 nm if our EQE test setup is not limited in measured
wavelength. To the best of our knowledge, this should be the

This journal is © The Royal Society of Chemistry 20xx

highest EQE value for deep-UV organic photodetectors . The
photodetectors we fabricated show a wide spectral response
property ranging from 200 nm to 1000 nm. The maximum EQE
is higher than 10000% at 780 nm. If we assume that the shot
noise from the dark current is the major contribution, the
specific detectivity can be expressed as D* = R/(2¢qJy)"?, where
R is the responsivity, ¢ is the absolute value of the electron
charge (1.6x107" coulombs), and J is the dark current density.
As shown in Figure 4(d), the specific detectivity is calculated to
be over 10" Jones in the wavelength range of 200-1000 nm,
and the maximum value reaches 4x10'? Jones at a 780 nm
wavelength and —10 V bias. These results are comparable to
those of well-established inorganic silicon photodetectors. The
specific responsivity also reaches 70 A/W at 780 nm
wavelength and —10 V bias.
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Figure 4. (a) Schematic diagram of down-conversion organic photodetectors. (b) Absorption and photoluminescence spectra of
200 nm neat 4P-NPB film on quartz. (c) EQE property of the photodetector with 4P-NPB (200 nm)/Glass/ITO/TPBi (3 nm)/C70
(10 nm)/SnPc:C70 (70 nm)/BCP (10 nm)/Al architecture at —10 V bias. The chemical structure of 4P-NPB is also given. (d)
Responsivity and detectivity properties of the down-conversion photodetector at —10 V bias.

Conclusions

We designed high-gain organic photodetectors with a wide
spectral response from the deep-UV wavelength of 200 nm to
the NIR wavelength of 1000 nm. The EQE values of the
resulting photodetectors are significantly increased in a wide
spectral range by enhancing the electron tunneling from the
electrode owing to the effect of interface charge trapping. The
UV wavelength response is also greatly enhanced by
introducing a down-conversion UV light absorption layer. The
maximum EQE exceeds 10000% at the wavelength of 780 nm,
and the corresponding values of photoresponsivity and specific
detectivity are up to 70 A/W and 4x10'? Jones, respectively.
Actually, the organic photodetectors could further extend the
photoresponse wavelength to a wider range by adopting longer-
wavelength NIR materials, along with high gain. Owing to the
high-response performances of the fabricated organic
photodetectors in an extremely wide wavelength range, they
could be applied to a various applications, including imaging,
communication, and defense.

This journal is © The Royal Society of Chemistry 20xx
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