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ABSTRACT: A smart strategy is reported to obtain photo-
multiplication (PM) type polymer photodetectors (PPDs)
based on poly(3-hexylthiophene) (P3HT) and [6,6]-phenyl-
Cg -butyric acid methyl ester (PC;;BM) which are commonly
used in polymer solar cells. The PPDs with 1 wt % PCyBM
exhibit a champion EQE of 37,500% under 625 nm
illumination with an intensity of 8.87 yW cm™2 at —19 V
bias. The PM phenomenon of PPDs with rather low PC¢;BM
doping ratios should be attributed to the enhanced hole
tunneling injection assisted by trapped electrons in PCsBM
near the Al cathode, which can be completely demonstrated
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from (i) turning distribution of electron traps by changing P3HT:PC4BM doping weight ratios from 200:1 to 1:1; (ii) adjusting
interfacial barrier width by inserting LiF layer between the active layer and the Al cathode.
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B INTRODUCTION

Photodetectors based on organic semiconducting junctions
have attracted more and more attention because of the
attractive features of organic materials such as high extinction
coefficient, adjustable band gap, and their potential alpglications
in biomedical sensing, machine vision, and medical. "~ Most of
the organic photodetectors are photodiodes with photo-
response that originates from the collection of photogenerated
charge pairs. The external quantum efficiency (EQE) of
photodiode type photodetectors is lower than 100% because
of the limited photon harvesting efficiency, exciton dissociation
efficiency, and photogenerated charge carrier collection
efficiency. Photoelectron emission or avalanche effect cannot
occur in organic semiconductors for obtaining highly sensitive
photodetectors because of the relative large exciton binding
energy of organic materials.>* In recent years, highly sensitive
organic or hybrid photodetectors have been successfully
realized by using trap-assisted charge tunneling injection to
achieve photomultiplication (PM) phenomenon, i.e., EQE in
excess of 100%. The critical steps for obtaining PM
phenomenon in organic or hybrid photodetectors are to realize
large external charge injection under illumination and good
transport in the active layer while keeping the opposite charges
trapped in the active layer.” Yokoyama’s group first reported a
photomultiplication (PM) phenomenon in photodetectors
based on organic pigment, with a peak internal quantum
efficiency (IQE) of ~10 000%.° Huang et al. reported Cgy
based organic photodetectors with a maximum EQE of
~8000% due to interfacial trap-assisted charge carrier tunneling
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injection.” Wu et.al also reported PM type organic photo-
detectors with an EQE of ~170%, based on interfacial traps in
multiple layers.® Campbell et al. obtained an EQE of ~10 000%
by doping PbSe nanoparticles into poly[2-methoxy,5-(2-ethyl-
hexyloxy)-1, 4-phenylenevinylene] (MEH-PPV) polymer ma-
trix, PbSe nanoparticles as electron traps, and MEH-PPV as
hole transport channel’ Guo et al. reported PM-type
photodetectors by interfacial trap-controlled charge injection
based on ZnO nano%)articles doped into P3HT:PC¢BM (1:1
weight ratio) system. * Recently, Park et al. reported a coplanar
structure photoconductor based on blend film of poly
dithienobenzodithiophene-co-diketopyrrolopyrrolebithiophene
(PDPDBD) and PC,,BM with weight ratio of 1:2 exhibiting an
EQE of ~1 X 10’% under relatively high bias of about —190
V."' We summaried the major progresses in organic and hybrid
photodetectors with trap-assisted PM phenomenon, as shown
in Table 1. Up to now, PM-type polymer photodetectors
(PPDs) with trap-assisted external charge injection have never
been reported based on the ordinary P3HT:PC4BM system.
Here, we report a new strategy to obtain PM-type PPDs based
on the ordinary P3HT:PC4BM system, without any additional
dopants or blocking layers, which is distinguished from the
previous reports. This strategy may provide a new way for
organic semiconducting materials to be used in high-perform-
ance photodetectors.
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Table 1. Major Progresses in Organic and Hybrid Photodetectors with Trap-Assisted PM Phenomenon

year A (nm) QE (%) location of traps

1994  350-700  ~10000 (IQE)

1999 450520 ~2000 (IQE)

2002 300450  ~20000 (IQE)

2007 350—700 ~5000 (EQE) bulk and
interface

2007  400—600 ~10000 (EQE) doped bulk traps

2008 350-750 ~8000 (EQE) doped bulk traps

2010 300—1000 ~7000 (EQE)  doped bulk traps

2010 350—600 ~8200 (EQE) between
molecular
crystallites

2010  400—800 ~34000 (EQE) blocking layer

~50000 (IQE)
2011 32§ ~1 X 10° (IQE)  additional trap
layer
2012 300—600 ~3.4 X 10° doped bulk traps
(EQE)

2012 400—1200 ~5500 (EQE)  doped bulk traps

2014  300—-500 ~400 (EQE) interface

2014 350—1000 1624 (EQE) doped bulk traps

2014  400—650 ~1500 (EQE) blocking layer

2014 760 ~1 x 10’ (EQE)

materials and device structure

Me-PTC/sandwich

arylamino-PPV/sandwich
NTCDA/sandwich
Cgo/ sandwich

MEH-PPV, PbSe, and PC4 BM/sandwich
P3HT, PCy,BM and CdTe/sandwich

P3HT, PC¢,BM and Ir125/sandwich

Rubrene and DPA/coplanar

NTCDA/Cg as the hole blocking layers;
CuPc/Cq as the active layers/sandwich

Grapheme,P3HT and PC4BM/coplanar
P3HT, PVK and ZnO/sandwich

Ir125, Q-switchl, P3HT and PC4,BM
C-TPD, ZnO and Cgy/ sandwich
PbS,P3HT,PC4BM and ZnO/sandwich

P3HT,PC4BM/sandwich
PDPDBD,PC,;BM/coplanar

features
the first reported PM type organic
photodetectors
PM type polymer photodetectors
PM in organic single crystal

the first report that compares bulk traps with
interfacial traps

PbSe quantum dots as traps in polymer matrix

CdTe nanoparticles as traps in ternary blend

film

dye as traps in ternary blend film; extended
spectral response to NIR

deep traps between molecular crystallites

the first PM type organic photodetector based
on charge blocking layer

P3HT or P3HT:PC4BM as electron trapping
layer; graphene as hole transporting layer

highest EQE among reported solid state UV-
photodetectors

dual near-infrared dopants
linear dynamic range up to 120 dB

dual quantum dots and UV to NIR spectral
response

semicontinuous blocking layer

highest EQE among reported photoconductors

B EXPERIMENTAL SECTION

Indium tin oxides (ITO) substrates with a sheet resistance of 15 Q
square™" (purchased from Shenzhen Jinghua Display Co., Ltd.) were
precleaned by ultrasonic treatment in detergent, deionized water, and
ethanol in ultrasonic sequentially. Then, all ITO substrates were dried
by nitrogen-gas and treated by UV-ozone for 10 min to further clean
the ITO surface. The solution of PEDOT:PSS (Clevios P VP. Al 4083,
purchased from Heraeus Precious Metal Gmbh & Co. KG) was spin-
coated onto the ITO substrates at S000 rounds per minute (rpm) for
40 s. The PEDOT:PSS-coated ITO substrates were baked in air at 120
°C for 10 min and then transferred to a nitrogen-filled glovebox (O,
and H,0 concentrations <1 ppm). Poly(3-hexylthiophene) (P3HT)
(Product No: LT-S909, purchased from Luminescence Technology
Corp.) and [6,6]-phenyl-Cy -butyric acid methyl ester (PC¢BM)
(Product No: PCBM-1-000000—14FM, purchased from FEM
Technology Inc.) were dissolved in 1,2-dichlorobenzene (extra pure,
purchased from J&K Scientific Ltd.) to prepare 40 mg mL™" solutions,
respectively. Then, the blend P3HT and PC4BM solutions were
prepared with P3HT and PC4BM weight ratio from 200:1, 100:1,
100:1S, to 1:1, respectively. The blend solutions of P3HT:PC4BM
were spin-coated onto the PEDOT:PSS-coated ITO substrates at 800
rpm for 30 s to prepare the active layers. The 0.8 nm thickness LiF
interfacial layer and 100 nm thickness aluminum (Al) cathode layer
was deposited in vacuum (1 X 107* pa), which was monitored by a
quartz crystal microbalance. The active area of each device is about 3.8
mm?, which is defined by the vertical overlap of the ITO anode and
the Al cathode. Current density versus voltage (J—V) and EQE spectra
curves of the devices were measured by a Keithley 2400 source meter.
The monochromatic light used in all these measurements was
provided by a 150 W xenon lamp coupled with a monochromator.
The monochromatic light intensity and wavelength were monitored
and calibrated by a Newport 818-UV power meter and an Acton
SpectraPro 2150i CCD spectrometer. Absorption spectra of films were
measured by a Shimadzu UV-3101 PC spectrophotometer.

B RESULTS AND DISCUSSION

The dark current density versus voltage (J;—V) curves of all
PPDs with or without LiF layer were measured under reverse
bias and are shown in Figure 1. It is apparent that the dark
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Figure 1. J;—V curves of the PPDs with or without LiF interfacial
layer.

current densities of PPDs with relatively low PC4BM doping
ratios (<15 wt %) are much lower than that of PPDs with
P3HT:PC4BM (1:1) as the active layers under the same
reverse bias, which can be well-explained by the energy levels of
used materials, as shown in Figure S1b in the Supporting
Information. Electrons can be easily injected from the Fermi
level of ITO (—4.7 eV) onto the lowest unoccupied molecular
orbital (LUMO) of PC4BM (—4.3 eV) because of the
relatively small injection barrier of ~0.4 eV. Holes can be
hardly injected from the Fermi level of Al (—4.2 eV) cathode
onto the highest occupied molecular orbit (HOMO) of P3HT
(—5.1 eV) because of the relatively larger hole injection barrier
of ~0.9 eV. Therefore, the electron injection and transport in
the PC4;BM rich PPDs is much stronger than the other PPDs.
It is known that the optimized doping ratio of P3HT:PC4BM
is about 1:1 to form bicontinuous interpreting network for
better charge-carrier transport in P3HT:PC4BM-based poly-
mer solar cells (PSCs).*>** Therefore, the electron transport

ability of blend films can be markedly weakened along with the
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Figure 2. EQE—V curves of PPDs with different PCs;BM doping ratios under 625 nm illumination with an intensity of 8.87 gW cm™: (a) with LiF

layer, (b) without LiF layer.

Table 2. EQE Values of All PPDs at 625 nm Illumination with an Intensity of 8.87 gW cm™>*

-1V -2V -4V -7V -19V
LiF w W/0 w W/0 w W/0 w W/0 w W/0
1:1 619 759 704 82.5 84.5 86.8
100:15 24.9 242 32.7 33.6 49.1 519 70.1 72.7 918 1190
100:1 3.34 4.26 6.14 8.41 89.9 116 430 626 16 300 37500
200:1 1.96 248 2.98 3.68 229 80.4 167 544 5790 29 800
“W, with LiF layer; W/O, without LiF layer; blank entry, unstable.
decrease of PC4BM doping ratios. Meanwhile, hole transport all the PPDs are shown in Figure S3 in the Supporting
ability of blend films should be increased because of the more Information.
ordered P3HT molecular arrangement for the fewer PC4BM It is apparent that the EQE values of PPDs with
dopant. The X-ray diffraction patterns of blend films with P3HT:PC4,BM (1:1) as the active layers rapidly arrive to
different PC4;BM doping ratios were measured and are shown about 86% (saturation states) along with reverse bias up to —4
in Figure S2 in the Supporting Information. It is apparent that V for the typical photovoltaic process, which means that
the diffraction intensity of the peak at 26 = 5.5° is increased photogenerated charge carriers can be effectively collected
along with the decrease of PC4;BM doping ratios, which means under the applied —4 V bias. Meanwhile, the PPDs with
that the P3HT molecular arrange become more and more P3HT:PC4BM (1:1) as the active layers show an unstable
ordered resulting in the increase of hole transport ability in the characteristic due to the relatively large electron injected
blend films.** Therefore, the blend films with low PCqBM current under high reverse bias, which is also observed from the
doping ratios have great potential application in obtaining trap- dark current curves, as shown in Figure 1. The electron
assisted PM type PPDs according to the advantages: (i) hole transport channels formed by PC4BM would be damaged by
can be transported faster than electron in the blend films; (ii) overwhelming transporting electrons injected from the ITO
the dispersed PC4BM can be considered as electron traps anode, resulting in the unstable performance of PPDs under
according to the LUMOs offset 1.3 eV between PC4BM and high reverse bias. However, the enhanced electron injected
P3HT, the trapped electrons in PCqBM may assist hole current has no contribution to J;, and EQE values of PPDs,
tunneling injection especially for those near the Al cathode. which can be demonstrated from the detailed J,,—V, Ji—V, and
Hiramoto and Chen et al. reported that the trapped charges or Ji—V curves, as shown in Figure S3 in the Supporting
the imbalanced transport of holes and electrons in the active Information. All the characteristics of the PPDs with
layer can enable the distinct tunneling injection of external P3HT:PC4,BM (1:1) as active layer well accord with the
charges, which can realize the PM phenomenon in organic previously reported photodiode type organic photodetec-
photodetectors.®*® tors.”®?” In the following section, all the characterizations on
To confirm the effect of trap-assisted hole tunneling injection photodiode type PPDs with P3HT:PCyBM (1:1) as active
on the performance of PPDs, we measured the current density layer were carried out under low applied bias (—4 V) to give
of all PPDs under 625 nm illumination with an intensity of 8.87 credible and repeatable experimental results.
UW cm™ The EQE versus voltage (EQE—V) curves of all An interesting phenomenon, EQE in excess of 100%, is
PPDs were calculated according to eq 1 and are shown in observed from the PPDs with relatively low PC¢;BM doping
panels a and b in Figure 2, respectively. weight ratios, as shown in Figure 2a, b. The detailed EQE
values of all the PPDs are summarized under different reverse
EQE = ]Phh’/ /L = (]1 - ]d)hv/ Iize (1) biases, as listed in Table 2. The EQE values of PPDs with 1 wt
% PCyBM in the active layer arrive to about 16 300% and
where ], is photocurrent density, ] is current density under 37 500% at —19 V for the devices with or without LiF layer
light, J4 is dark current density, I, is the incident light intensity, under 625 nm illumination with an intensity of 8.87 yW cm™2,
e is absolute value of electron charge, and hv is the energy of respectively. The PPDs with low PC¢BM doping ratios can
incident photon. The detailed J,;,—V, -V, and J4—V curves of exhibit the rather high EQE values, which should be attributed
5892 DOI: 10.1021/acsami.5b00041
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Figure 3. EQE spectra of all PPDs with different PC4;BM doping ratios: (a, c, e) for the PPDs with LiF layer and (b, d, f) for the PPDs without LiF

layer.
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Figure 4. Behavior of electrons in PPDs with different PBHT:PCBM doping ratios: (a) 200:1, (b) 100:1, (c) 100:15, (d) 1:1 for PBHT:PC¢BM
doping ratios.

to the trap assisted hole tunneling injection from the Al cathode
into active layer. For PPDs with or without LiF layer, the PPDs
with 1 wt % PC¢BM exhibit the maximum EQE values. When
PC¢,BM doping ratios are decreased from 1 wt % to 0.5 wt %,

5893

the EQE values are decreased from 16 300% to 5790% for
PPDs with LiF layer, and are decreased 37 500% to 29 800% for
PPDs without LiF layer. It means that the electron traps are
mainly induced by doping PC4BM rather than intrinsic defect

DOI: 10.1021/acsami.5b00041
ACS Appl. Mater. Interfaces 2015, 7, 5890—5897


http://dx.doi.org/10.1021/acsami.5b00041

ACS Applied Materials & Interfaces

Research Article

Table 3. Key Reverse Biases (voltage corresponding to EQE
= 100%) of PM-Type PPDs

100:15 100:1 200:1
with LiF —-10.8 V —42V -60V
without LiF -103V -39V —43V

a)

3HT

Al

under light

. P3HT

under light

Figure 5. Schematic images of interfacial barriers of PM type PPDs
under reverse bias in dark and under illumination (a) without LiF
interfacial layer and (b) with LiF interfacial layer.

in P3HT films. It is worth mentioning that the PPDs with low
PC¢BM doping ratios have lower EQE values compared to
PPDs with P3HT:PC¢,BM (1:1) as the active layers when the
applied bias is lower than about —4 V. It should be attributed to
the inefficient exciton dissociation and electron transport

because of the relatively low PC4BM content in the blend
films.

For the PPDs with 15 wt % PC¢BM, the champion EQE
values arrive to about 910% or 1190% at —19 V bias for the
devices with or without LiF layer, respectively. It should be
highlighted that the EQE values of PPDs with 15 wt % PCq BM
are much lower than those of PPDs with 1 or 0.5 wt % PC¢BM
under high reverse bias, which also further illustrates the key
role of PCyBM disperse degree on the performance of PPDs.
Meanwhile, the EQE values are lower than 100% while showing
a saturation trend from 0 to —10 V, as shown in Figure 2a, b. It
means that the PPDs with 15 wt % PCy;BM exhibit photodiode
characteristics under low reverse bias and PM characteristics
under high reverse bias.

For PPDs with P3HT:PC¢;BM (1:1) as active layer, the EQE
values of PPDs with or without LiF layer are increased from
61.9 to 84.5% or from 75.9 to 86.8% along the increase of bias
from —1 to —4 V, respectively. And then the EQE values of this
kind of PPDs come into saturation for the further increase of
reverse bias, which means that the PPDs with P3HT:PC¢,BM
(1:1) as active layer are photodiode type photodetectors. In the
low reverse bias (<4 V) range, the enhanced EQE values should
be attributed to effective charge carrier transport and collection
along with the increase of applied bias.

To further clarify the key role of PC4,BM doping ratios
(dispersed degree) in the blend films on the EQE values of
PPDs, we show the EQE spectra of all PPDs with different
PC4BM doping ratios in Figure 3. An obvious dip can be
observed from the EQE spectra of PPDs with P3HT:PCy,BM

a [WwithlLiF 200:1@-19V 1

0.2

0.0 1 1 1=

b

1001 @ -19V |

0.5

e

e

o
o
X

density (mA cm?)

= 0.006

0.004

Curren

0.002

0.006

1:1

—

0.004

0.002

20 40 50 60

30
Time (s)

s[without LiF 200:1 @ 19 V ]

100:1 @ -19 V A

s 1F .
E |
]
< 0 e i B |
£ o010} 100:15 @ -19 V]
> |
2 o.0s} 4
]
-c ol | " L " 1 " 1 " 1 " [ " L]
goooer 100:15@ -7V ]
1=
30.004 - FT ] F r ﬂ ﬁ
0.002} ]
0.006F 1M1 @4V ]
oosal| | [ ﬁ [ ] F
0.002} ]
I R T —)
Time (s)

Figure 6. Transient current density of PPDs with different PC;;BM doping ratios, (a) PPDs with LiF layer and (b) PPDs without LiF layer.
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(200:1 or 100:1 doping ratios) as active layer, as shown in
Figure 3a, b. The dip in the EQE spectra exactly corresponds to
the strong absorption range of neat P3HT films, the fine
features between EQE spectra and absorption spectrum of
P3HT are marked in Figure 3a. As we know, the incident
photons from the ITO anode side will be rapidly absorbed by
the active layer (mainly by P3HT) along with the propagation
of incident light, excitons generated on P3HT near the Al
anode are much fewer than those generated on P3HT near the
ITO cathode. According to the previous works, only the
charges trapped near the injecting interface can result in the
interfacial band bending, which will contribute to the opposite
charge tunneling injection.”' The number of trapped electrons
in PC4BM near the Al cathode is limited because of fewer
photogenerated excitons in this spectral range, resulting in the
weakened trap-assisted hole tunneling injection. This is the
underlying reason for the obvious dip in the EQE spectra
corresponding to the strong absorption range of P3HT.

As seen from the EQE spectra of PPDs with 15 wt %
PC4BM in Figure 3¢, d, EQE values are larger than 100%
accompanying with a slight dip under —19 V bias. The
champion EQE values of the PPDs with or without LiF layer
arrive to about 1100% or 1300% under 445 nm illumination
and —19 V bias, respectively. The PM phenomenon of these
PPDs should be attributed to trap-assisted hole tunneling
injection. The EQE values of the PPDs are lower than 100%
under —7 V bias, as shown in the EQE spectra, which well
accords with the experimental results shown in the EQE-V
curves. As we may envisage, small molecule PCy,BM would like
aggregating to form some isolated clusters or even continuous
electron transport channels in polymer matrix along with the
increase of PCqBM doping ratios. Some large size isolated
PCBM clusters may be formed in the blend films with 15 wt
% PCsBM. We speculate that the trapped electrons in large
size PC¢;BM clusters may have a small distance movement
from near the ITO side to near the Al side, while they are still
in the trapped state. The slight dip in EQE spectra indicates
that most of the excitons generated on P3HT in the blend films
(even near the ITO cathode) have contribution to the PM
phenomenon, which strongly supports our speculation of the
small distance movement of trapped electrons in large size
PC¢,BM clusters. Therefore, it is apparent that relatively large
size PC¢;BM clusters are formed in the blend film with 15 wt %
PC¢BM, compared with the blend films with 1 and 0.5 wt %
PC¢BM. The larger PC4BM isolated clusters not only collect
more electrons generated from P3HT exciton dissociation, but
are also more likely to link with the Al cathode, leading to the
collection of the electrons in these PCyBM clusters. Once
electrons in PCyBM are collected by the Al electrode rather
than trapped in isolated PC4BM clusters, the trap-assisted hole
tunneling injection will not take into effect, which is also
strongly supported by the relatively low EQE values compared
with the PPDs with 1 and 0.5 wt % PC¢BM. The EQE spectra
of PPDs with P3HT:PC¢BM (1:1) as the active layer are
shown in Figure 3e, f. No dip in the EQE spectra can be
observed and the EQE values of PPDs arrive to about 86%
under —4 V bias. The EQE spectral shape of this kind of PPDs
at —4 V bias is very similar to that of PSCs with the same active
layer at zero bias.”® To give a more intuitive explanation, the
schematic images of the effect of PC4BM distribution on
charge carrier injection and transport are shown in Figure 4.

It is known that the distribution of PCgBM should be
relatively uniform in the whole blend films for the films with
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rather low PC4;BM doping ratios, as shown in Figure 4a, b. The
larger PC4;BM clusters or even continuous electron transport
channels will be formed along with the increase of PC4BM
doping ratios, resulting in the nonuniform distribution of
PC¢BM in the blend films, as shown in Figure 4c, d. The
trapped electrons can provide a Coulomb field to induce
interfacial band bending which can assist hole tunneling
injection from the Al cathode, especially for the trapped
electrons in PC4BM near the Al cathode. The large PC4BM
cluster not only harvest more electrons generated from P3HT
exciton dissociation, but also capture more injected holes from
the Al cathode to recombine with trapped electrons, as shown
in Figure 4c. The number of trapped electron in PC4BM
cluster near the Al cathode will be decreased because of the
recombination, resulting in the weakened hole tunneling
injection. Electrons in the PCgBM clusters contacting with
the Al cathode can be easily transported to the Al cathode,
which cannot give any contribution to enhance hole tunneling
injection, as shown in Figure 4d. Therefore, the EQE values
come into saturation state about 86% under at —4 V bias.

To further clarify the effect of trapped electrons in PC4BM
near the Al cathode on hole tunneling injection shown in
Figurse 2 and 3, we should further discuss the effect of LiF
interfacial layer on EQE values. For the PPDs with relatively
low PC;;BM doping ratios (lower than 15 wt %), the EQE
values of PPDs without LiF layer are larger than those of PPDs
with LiF layer under relatively high applied bias. Inorganic
material LiF has been widely used as ultrathin interfacial layer
to enhance electron tunneling injection or collection in organic
light emitting diodes or PSCs.””*° For the PPDs in this study,
hole tunneling injection from the Al cathode into active layer
will be more difficult due to the increased barrier width for the
PPDs with LiF layer. According to the EQE-V curves shown in
Figure 2, the key reverse biases (corresponding to EQE =
100%) of PM type PPDs with LiF layers are larger than those of
PPDs without LiF layer, respectively, as summarized and listed
in Table 3. The increase of key reverse biases should be
attributed to the widened interfacial barrier due to the existence
of LiF interfacial layer.

The schematic images of interfacial barriers of PM type PPDs
under reverse bias in dark and under illumination are shown in
Figure 5. The relatively high barrier of ~0.9 eV prevents hole
injection from Al cathode onto the HOMO of P3HT in dark
condition, resulting in the low dark current of PM type PPDs.
The photogenerated electrons trapped in the PCy;BM can built
up a Coulomb field in illumination condition. The band
bending effect induced by the Coulomb field can narrow the
interfacial barrier for better hole tunneling injection from Al
cathode onto the HOMO of P3HT. For PM type PPDs with
the LiF interfacial layer, hole injection barrier is increased
because of the existence of LiF interfacial layer, which decreases
the hole tunneling probability and leads to relatively low
photocurrent and EQE values.

To further confirm the effect of PC4BM doping ratios and
LiF layer on the performance of PPDs, we measured transient
current density of all PPDs under the given applied bias, as
shown in Figure 6a and 6b. The 625 nm illumination with an
intensity of 8.87 yW cm™ was modulated by an electronic
shutter with a period of about 12 s. For all the PM-type PPDs,
the transient current density curves show slow rise and fall
processes as the excitation light is turned on and off,
respectively. As the above discussion, the photocurrent of
PM-type PPDs is mainly the current which originates from the
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hole tunneling injection assisted by the trapped electrons in
PC4BM aggregations. The slow rise and fall processes of
transient photocurrent should be attributed to the slow
accumulation and release processes of trapped electrons in
the PC¢;BM clusters, which well accords with the trap-assisted
PM model. The transient photocurrent of PM type PPDs
comes into saturation state after excitation light is turned on,
which means that the electron trapping and releasing processes
arrives to a dynamic balance keeping a stable hole tunneling
injection. When the excitation light is turned off, the
photocurrent falling down to the initial state means that most
of the trapped electrons have been released from electron traps
formed by PC4BM clusters especially for those near the Al
cathode. For the PPDs with P3HT:PC4BM (1:1) as the active
layer, the rapid rise and fall processes can be observed when the
excitation light is turned on or off, which obeys the
photovoltaic process.>" The amplitudes of the transient current
densities of PPDs without LiF layer are larger than those of
PPDs with LiF layer, which accords with the photocurrent
densities observed from the steady J—V curves. The transient
current density curves provide a more solid evidence for the
trap-assisted PM model.

B CONCLUSION

PM-type PPDs are realized on the basis of the commonly used
materials P3HT and PC¢BM in polymer solar cells. The PPDs
with P3HT:PC;;BM (100:1) as the active layers exhibit a
champion EQE value of 37,500% under 625 nm illumination
with an intensity of 8.87 yW cm™ at —19 V bias, which is
among the highest reported values for organic/polymer
photodetectors. The underlying reason for the PM phenom-
enon is attributed to the enhanced hole tunneling injection
assisted by trapped electrons in PC4BM cluster near the Al
cathode. The key role of trapped electrons in PC4;BM near the
Al cathode in obtaining PM phenomenon is fully demonstrated
from EQE spectra, EQE—V curves and transient current density
curves of PPDs with or without LiF layer. This discovery may
provide a new route in fabricating highly sensitive organic/
polymer photodetectors preserving all advantages of organic
semiconducting materials.
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