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ABSTRACT: A series of photomultiplication (PM)-type polymer photodetectors (PPDs) were fabricated with polymer poly(3-
hexylthiophene)—[6,6]-phenyl-C,,-butyric acid methyl ester (P3BHT—PC,BM) (100:1, w/w) as the active layers, the only
difference being the self-assembly time of the active layers for adjusting the P3HT molecular arrangement. The grazing incidence
X-ray diffraction (GIXRD) results exhibit that P3HT molecular arrangement can be adjusted between face-on and edge-on
structures by controlling the self-assembly time. The champion EQE value of PPDs, based on the active layers without the self-
assembly process, arrives at 6380% under 610 nm light illumination at —10 V bias, corresponding to the face-on molecular
arrangement of P3HT in the active layers. The EQE values of PPDs were markedly decreased to 1600%, along with the self-
assembly time up to 12 min, which should be attributed to the variation of absorption and hole transport ability of the active
layers induced by the change of P3HT molecular arrangement. This finding provides an effective strategy for improving the
performance of PM-type PPDs by adjusting the molecular arrangement, in addition to the enhanced trap-assisted charge-carrier

tunneling injection.
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B INTRODUCTION

Polymer photodetectors (PPDs) have attracted significant
attention due to the rapid development of semiconducting
polymers or small molecular materials that exhibit some
advantages such as having a low cost of fabrication and being
flexible, environmentally friendly, and lighter weight compared
to their inorganic counterparts.' > Up until now, most of the
reported PPDs are photodiode-type photodetectors with
external quantum efficiency (EQE) values less than unity and
relatively fast response speeds.””® The relatively low EQE
values of photodiode-type PPDs is determined by the limited
photon-harvesting efficiency, exciton dissociation efficiency,
and charge-carrier transport and collection efficiency.”””
Therefore, the potential application of photodiode-type PPDs
may be limited due to the relatively weak response. Highly
sensitive photodetectors are desirable in a wide array of fields
such as ima§e sensing, communications, and environmental
monitoring.'”~"> For highly sensitive photodetectors, high EQE
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values and low dark current are required to meet the various
applications’ needs. Photomultiplication (PM)-type photo-
detectors have attracted much attention due to their high
EQE, which is defined by the number of charge carriers flowing
across the photodetectors per incident photon.'”'* The
inorganic photomultiplier tubes and avalanche photodiodes
exhibit high EQE values (larger than 100%), which are typically
fabricated through impact ionization triggered by hot carriers,
photoelectron-emission effect, or the secondary emission of
electrons under the rather high bias (>100 V).
the charge carriers in organic materials are localized in single

16
However,

molecules due to their large binding energy and disordered

structure, leading to the absence of hot carriers.'”'®
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Figure 1. (a) The chemical structures of used materials, (b) the energy level alignment of used materials, and (c) the schematic diagram of

controlling self-assembly process of the active layers.

To obtain the PM phenomenon in PPDs, photogenerated
carriers should be trapped or blocked near the interface
between the active layers and the electrode, while the opposite
carriers can be injected from one electrode into the active layers
and then effectively collected by the other electrode. Hiramoto
et al. reported an EQE of 5000% under a relatively high bias of
—20 V in perylene pigment film sandwiched between Au
electrodes, and the PM phenomenon is attributed to the
electron injection from the Au electrode to the perylene film
assisted by the accumulation of photogenerated holes near the
Au—perylene interface.'” Hammond et al. also reported PM-
type photodetectors based on NTCDA—C60 as hole-blocking
layers, and the accumulated photogenerated holes near the ITO
electrode can assist the strong electron injection leading to the
PM phenomenon.”” Chen et al. successfully achieved PM-type
photodetectors based on inorganic nanoparticles; with CdTe
doped into polymer poly(3-hexylthiophene)—[6,6]-phenyl-C,;-
butyric acid methyl ester (P3BHT—PCBM) (1:1, w/w) as the
active layer, the maximum EQE value of 8000% was obtained
under 350 nm light illumination, which is attributed to the
enhanced hole-tunneling injection assisted by the trapped
electrons in CdTe nanoparticles.”’ Recently, we first reported
PM-type PPDs based on a (ITO-PE-
DOT:PSS—(P3HT—PC,,BM) (100:1, w/w)—LiF—Al) device
structure, with the rather low PC,BM content leading to the
limited electron transport in the active layers.”” The maximum
EQE of 16 700% was obtained under —19 V bias, which is
attributed to the enhanced hole tunneling injection assisted by
trapped electrons in PC,;BM near Al cathode. It is interesting
that the maximum EQE value was markedly increased to
37500% only by removing the LiF interfacial layer, which
further demonstrates that the trapped electrons in PC,BM
near Al cathode plays the key role in assisting hole tunneling
injection from Al cathode into the active layers.”> The EQE of
PM-type PPDs should be co-determined by the trap-assisted
hole-tunneling injection and hole transport ability in the
P3HT-PC,,BM (100:1) active layers. The trap-assisted hole-
tunneling injection is enhanced by removing the LiF interfacial
layer, and the removal of the LiF interfacial layer can effectively
decrease the width of hole-injection barrier for the enhanced
hole tunneling injection.”® Tt is known that charge-transport
ability in the active layers should be strongly determined by the
molecular arrangement, which has been widely reported in
organic solar cells (OSCs) and organic thin film transistors
(OTFT).**° As we know, the main P3HT molecular
arrangement are the 7—m stacking direction parallel to the
substrate, and with the alkyl side chains’ direction perpendicular
to the substrate (edge-on) or with the alkyl side chains’
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direction parallel to the substrate (face-on), the different
molecular arrangement strongly influences the hole transport
ability in the active layers.”””®* The edge-on molecular
arrangement is beneficial for the hole transport along the
direction parallel to the substrate, such as in the lateral-structure
OTFTs. The high charge transport ability should be desired
along the direction perpendicular to substrate for the
sandwiched structure devices, such as OSCs and PPDs. The
face-on molecular arrangement of P3HT in the active layers
should be beneficial to hole transport along the 7—x stacking
direction perpendicular to substrate for further performance
improvement of the PM type PPDs.

In this study, a series of PM-type PPDs were fabricated based
on P3HT—PC,;BM (100:1, w/w) as the active layers, the only
difference being the self-assembly time of the active layers for
adjusting the P3HT molecular arrangement. The EQE values of
the PM type PPDs are markedly increased by shortening the
self-assembly time of the active layers. The champion EQE
value of 6380% was obtained on the basis of the active layers
without the self-assembly process under 610 nm light
illumination at —10 V bias. The EQE enhancement is mainly
attributed to the increased hole transport ability induced by
P3HT face-on molecular arrangement in the active layers. The
variation of EQE spectral shape and EQE values of the PM type
PPDs was investigated from the absorption spectra and the
photogenerated electron-distribution dependence on the self-
assembly time of the active layers.

B EXPERIMENTAL SECTION

The indium tin oxide (ITO)-coated glass substrates, with a sheet
resistance of 15 € per square, were sequentially cleaned by ultrasonic
treatment in detergent, deionized water, and ethanol. The cleaned ITO
substrates were dried by nitrogen gas and treated by UV ozone for 10
min to increase the work function of the ITO surface. The solution of
PEDOT:PSS was spin-coated onto the cleaned ITO substrates at a
spin speed of 5000 rounds per minute (rpm) for 40 s. The
PEDOT:PSS-coated ITO substrates were baked at 120 °C for 10
min. Polymer poly(3-hexylthiophene) (purchased from Nichem Fino
Technology Co., Ltd.) and [6,6]-phenyl-C,,-butyric acid methyl ester
(purchased from Luminescence Technology Corp.) were dissolved in
1,2-dichlorobenzene (0-DCB) to prepare 40 mg/mL solutions,
respectively. The molecular weight and regioregularity of the used
P3HT is about 48 000 g/mol and between 91 and ~94%, respectively.
The mixed P3HT—PC,,BM solution was then prepared with P3HT—
PC,;BM weight ratio as 100:1. The mixed solution was spin-coated
onto a PEDOT:PSS layer at 800 rpm for 30 s in a high-nitrogen-filled
glovebox. The wet active layers were allowed to sit for different times
(0, 3, 6, 9, or 12 min) for molecular self-assembly before annealing
treatment at 80 °C for 20 s, which provides an opportunity for the
P3HT molecular self-assembly process in the wet films. The 100 nm
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Figure 2. (a) EQE spectra of all PPDs with different self-assembly time under a —10 V bias, (b) normalized absorption spectra of active layers with
different self-assembly process, and (c) the comparison between the EQE spectrum of PPDs and the absorption spectrum of the corresponding

active layer.

aluminum layer was thermally evaporated on the active layers in a high
vacuum (107* pa) chamber. The active area of each device is about 3.8
mm?, which is defined by the vertical overlap of the Al cathode and
ITO anode. The chemical structures of the used materials and the
schematic energy level diagram of device are shown in parts a and b of
Figure 1, respectively. The schematic diagram of the self-assembly
process of active layers is shown in Figure Ic.

The current density versus voltage (J—V) curves of PPDs were
measured by a Keithley 2400 source meter under 625 nm light
illumination with an intensity of 8.87 wW/cm? The used
monochromatic light 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. The
absorption spectra of the active layers were measured by a Shimadzu
UV-3101 PC spectrophotometer. The thickness of active layers was
measured by an Ambios Technology XP-2 stylus profilometer. Grazing
incidence X-ray diffraction (GIXRD) images were measured by a five-
circle Huber diffractometer at the Beijing Synchrotron Radiation
Facility (BSRF). A bent-triangle silicon crystal was used to select the
X-rays of a wavelength of 1.5476 A. A grazing incidence angle of 0.4°
was chosen to increase GIXRD peak intensity for investigating the
crystallinity and orientation that prevailed throughout the film. All of
the measurements were carried out at room temperature in the
ambient conditions.

B RESULTS AND DISCUSSION

A series of solution-processed PPDs with P3HT—PC,BM
(100:1, w/w) as the active layers were fabricated to investigate
the effect of P3HT molecular arrangement on the performance
of PPDs. The only difference is the self-assembly time of the
active layers before annealing treatment. The self-assembly time
was defined as the time interval between the spin-coating
stopping and the annealing treatment starting. The self-
assembly process should play a key role in determining
P3HT molecular arrangement in the active layers. The self-
assembly time of active layers can be adjusted in the relatively
large scale up to 12 min due to the high boiling point (180 °C)
of 0-DCB solvent.””** The color of the active layers changed
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from orange to dark purple along with the increase of self-
assembly time, as shown in Figure lc. The active layers were
directly annealed at 80 °C after spin-coating, defined as without
the self-assembly process. For the reference PPDs, the active
layers were not suffered from annealing treatment. To clarify
the effect of the self-assembly process and the annealing
treatment on the performance of PPDs, we measured the EQE
spectra of all PPDs, and they are shown in Figure 2a. It is
apparent that the EQE values of all PPDs are much larger than
100% in the spectral range from 350 to 650 nm at —10 V bias,
exhibiting an apparent PM phenomenon.

The working mechanism of PM-type PPDs is attributed to
interfacial trap-assisted hole-tunneling injection.””***" As we
can envision, most of the incident photons with wavelengths
from 450 to 570 nm can be effectively harvested by P3HT
according to its absorption spectrum, resulting in most of the
excitons or electrons generated near the ITO anode. The
photogenerated electrons will be trapped in PC,;BM molecules
surrounded by P3HT due to the 1.4 eV LUMOs barrier
difference between P3HT and PC,BM. The fewer photo-
generated electrons can be accumulated in PC,;BM near the Al
cathode due to the absent electron transport channels in the
active layers with rather low PC, BM content, which is the
underlying reason for the apparent dip in the EQE spectra of
PPDs. It is known that only the photogenerated electrons
trapped in PC;,BM near the Al cathode can induce the
interfacial energy band bending to decrease the hole injection
barrier width, which is beneficial to the enhanced hole-
tunneling injection. It should be highlighted that an apparent
peak at about 390 nm in the EQE spectra was observed for all
PPDs, which should be attributed to the photon harvesting by
PC;BM according to the absorption spectrum of the PC, BM
film (shown in Figure S1). Meanwhile, another apparently
shifted EQE peak was observed in the longer wavelength range,
which should be related to the absorption intensity variation of
P3HT induced by self-assembly time and annealing treatment
on the active layers. The absorption spectra of active layers with
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different self-assembly time were measured to confirm the
relationship between EQE spectra and corresponding absorp-
tion spectra. The normalized absorption spectra are shown in
Figure 2b, which is beneficial for contrasting the EQE and
absorption spectral shape for exhibiting their fine dependence.
A similar shift of the absorption peak can be obviously observed
for the active layers with different self-assembly time. The
shoulder absorption peaks at 560 and 610 nm of P3HT become
more and more apparent, along with increased self-assembly
time of the active layers. It is known that the shoulder
absorption peak at 560 nm is attributed to the absorption of
extended conjugation lengths of P3HT in the solid state, and
the shoulder absorption peak at 610 nm is related to the
ordered interchain stacking of P3HT molecules.””** The
P3HT absorption spectral-shape dependence on molecular
arrangement has been commonly reyorted in the PSCs with
P3HT—PC,,BM as the active layers.””*® To further intuitively
exhibit the relationship between EQE and absorption spectral-
shape dependence on the self-assembly time of the active layers,
we depicted the corresponding EQE and absorption spectra
together, as shown in Figure 2c. It is apparent that the EQE
spectral valley well accords with its absorption spectral peak
and the EQE spectral peaks locate at the position of relatively
weak absorption intensity of the active layers. The exact
matching between EQE spectral valley of PPDs and absorption
spectral peak of active layers further demonstrates that the
working mechanism of PM-type PPDs is completely different
from that of PSCs. In fact, the EQE peaks of PPDs are the
relative maximum values in the corresponding spectral range,
which is strongly determined by the number of trapped
electrons in PC,;BM near the Al cathode.

Another interesting phenomenon that should be highlighted
that the EQE values of PPDs are increased by shortening the
self-assembly time, as shown in Figure 2a. For the active layers
with 12 min self-assembly, the corresponding PPDs exhibit
slightly large EQE values compared with that of the reference
PPDs without annealing treatment. For the active layers
without self-assembly process (annealing treatment after spin-
coating), the PPDs exhibit the champion EQE values in the
whole spectral range. The detailed EQE peak positions and
values of PPDs with different self-assembly times of the active
layers are listed in Table 1. The maximum EQE values of PPDs

Table 1. Detailed EQE peaks and EQE Values of All PPDs
under —10 V Bias

SAT EQE peak EQE EQE peak EQE

(min) (nm) (%) (nm) (%) ratio
0 390 5000 610 6380 1.28
3 390 4810 610 5820 1.21
6 390 4090 610 4580 1.09
9 390 2240 620 2200 0.98
12 390 1710 622 1600 0.94
ref 390 1590 625 1440 091

SAT, self-assembly time; ref, active layer without annealing treatment.

in the longer wavelength range were decreased from 6380% to
1600%, along with the increase of self-assembly time, and to
1440% for the reference devices under —10 V bias, along with
the EQE peak red-shift from 610 to 625 nm. The EQE values at
390 nm were decreased from 5000% to 1710%, along with the
increase of self-assembly time, and to 1590% for the reference
devices under —10 V bias. It is apparent that the ratios of the

maximum EQE value in longer wavelength ranges to the EQE
value at 390 nm were decreased from 1.28 to 0.94, along with
the self-assembly time up to 12 min, and to 0.91 for the
reference devices. On the basis of the working mechanism of
PM-type PPDs, the EQE values should be co-determined by
hole-tunneling injection and hole transport ability in the
corresponding active layers. The hole-tunneling injection
should be determined by the number of trapped electrons in
PC,BM near Al cathode.”” The photogenerated electron
distribution in the active layers strongly depends on the
absorption coeflicient of the blend films with different self-
assembly time. The hole transport ability of blend films is
mainly determined by the P3HT molecular arrangement in the
active layers.

It is known that P3HT molecular arrangement can be
adjusted by controlling self-assembly time, which can be
confirmed from the absorption spectra of the PBHT—PC,,BM
(100:1) blend films with different self-assembly times, as shown
in Figure 3a. A series of blend films were fabricated under the
same conditions, with the only difference being the self-
assembly time. It is apparent that the absorption intensity of
active layers was kept almost constant in the shorter wavelength
range. However, the absorption intensity of active layers was
decreased in the longer wavelength range, along with the
decrease of self-assembly time. The decreased absorption
intensity in the longer wavelength range is beneficial to the
greater number of excitons or electrons generated in PC, BM
near Al cathode, which can be further demonstrated from the
photogenerated electrons distribution in the active layers. As we
can envision, PC,;BM molecules may be uniformly dispersed in
the active layers due to the rather low PC, BM content in the
active layers. The vertical phase separation should be neglected
due to the rather low content, especial for the active layers with
short self-assembly processes. Therefore, the exciton dissocia-
tion efficiency can be considered as the same in the whole
active layers due to the homogeneous distribution of PC, BM.
The optical-field distribution in the all PPDs can be calculated
according to the absorption coefficient of active layers,”” as
shown in Figure S2. Assuming the same exciton dissociation
efficiency in the whole active layers, the photogenerated
electron distributions in the active layers were calculated
according to the optical-field distribution, as shown in Figure
S3. The typical photogenerated electron distributions of the
PPDs without annealing treatment or without self-assembly are
shown in panels b and ¢ of Figure 3, respectively. The dark
color in the photogenerated electrons distribution image
indicates the large electron density in this zone. It is apparent
that the number of photogenerated electrons near the Al
cathode in the active layers without self-assembly is much larger
than that in the active layers without annealing treatment in the
longer wavelength range, as marked by red circles in Figure
3b,c. As we know, the number of trapped electrons in PC, BM
near the Al cathode plays the key role in determining the hole-
tunneling injection from the Al cathode into the active layers.
The photogenerated electrons distributions on the cross-
section, about 20 nm from the Al cathode, are depicted in
Figure 3d. It is apparent that the photogenerated electron
density in the short wavelength range was kept almost constant
for the active layers with different self-assembly times, while in
the longer wavelength range, the photogenerated electron
density was increased along with the decrease of self-assembly
time, which can well support the enhanced EQE values of the
corresponding PPDs. Meanwhile, the photogenerated electron
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Figure 3. (a) Absorption spectra of blend films with different self-assembly times, (b) photogenerated electron distribution in the active layers of the
reference PPDs, (c) photogenerated electron distribution in the active layers of the PPDs without the self-assembly process, and (d) the cross-
section photogenerated electron distribution in the active layers about 20 nm from the Al cathode.

distribution on this cross-section is very similar to the EQE
spectral shape of PPDs, which further demonstrates that the
EQE values of PPDs are strongly determined by the number of
trapped electrons in PC,; BM near the Al cathode.

To clarify the effect of P3HT molecular arrangement on hole
transport ability in the active layers, we fabricated the hole-only
devices (ITO—PEDOT:PSS—active layers—MoO; (10
nm)—Ag (100 nm)) based on the active layers with different
self-assembly times. The space-charge-limited current (SCLC)
model was employed to investigate the hole transport
properties of the active layers with different self-assembly
time.”®*” The J'2>-V curves of hole-only devices were
measured in dark conditions and are shown in Figure 4. It is
apparent that the hole transport ability is increased along with
the decreased self-assembly time of the active layers. Therefore,

0.20} —=—Reference
Self-assembly time
—e— 0 min

0.15f —+—3min
—v— 6 min

—— 9 min

Hole-only

0'00 'l L Il Il
0 1 2 3 4
Voltage (V)

Figure 4. J'/>—V curves of hole-only devices (ITO—PE-
DOT:PSS—(P3HT—-PC,,;BM) (100:1, w/w)—MoO;—Ag) with differ-
ent self-assembly times of active layers.
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the EQE values of PPD dependence on hole transport ability in
the active layers can be well-explained according to the
following equation:

T ytuv
EQE = = =
&= r

(1)

where y is the fraction of excitons that dissociate into trapped
electrons and free holes, 7 is the lifetime of the trapped
electron, T is the hole transport time, V is the applied bias, L is
the active layer thickness, and y is the hole transport ability.*" It
is apparent that the EQE is proportional to the hole transport
ability of the active layers. As we know, the EQE values of the
PPDs are codetermined by the hole-tunneling injection and
hole transport ability in the corresponding active layers. On the
basis of the EQE spectra of all PPDs and the photogenerated
electron distributions of the cross-section near the Al cathode,
shown in Figures 2a and 3d, we determined that the enhanced
EQE values in the short wavelength range are mainly
determined by the improved hole-transport ability in the active
layers, while in the longer wavelength range, the enhanced EQE
values are codetermined by the enhanced hole-tunneling
injection and the improved hole transport ability of active
layers. The enhanced hole-tunneling injection can be confirmed
from the more photogenerated electrons distribution in
PC,;BM near the Al cathode for the active layers with the
shorter self-assembly time.

To further confirm the effect of self-assembly time on the
EQE values of PPDs, we measured the current density—voltage
curves of all PPDs in dark or under 625 nm light illumination
with an intensity of 8.87 #W/cm?, as shown in Figure Sa,b. It is
apparent that the dark current density of all PPDs was rather
low and kept almost constant for all PPDs due to the limited
hole injection in the dark conditions. The light current density
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Figure 6. 2D GIXRD patterns of the films: (a) active layers without annealing treatment, (b) active layers without the self-assembly process, and (c)
1D OOP XRD profiles of two kinds of active layers. The inset shows the corresponding 1D IP XRD profiles.

of the PPDs is 2 orders of magnitude larger than the dark
current density under —10 V bias and the rather weak light
intensity of 8.87 pW/cm® The light current density was
increased along with the decreased self-assembly time of the
active layers, which well-accords with the EQE value depend-
ence on the self-assembly time of the active layers. The
increased light current density should be attributed to the
enhanced hole-tunneling injection and hole transport ability in
the active layers.

According to the above experimental results, the absorption
spectral shape, relative absorption intensity, and hole transport
ability of active layers should be determined by P3HT
molecular arrangement, which can be adjusted by the self-
assembly time of active layers. To clarify the underlying reason,
we investigated the P3HT molecular-arrangement dependence
on the self-assembly time of the active layers by grazing
incidence X-ray diffraction.’ The two-dimensional (2D)
GIXRD patterns of all the active layers are shown in Figure
S4. The typical 2D GIXRD patterns of active layers without
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annealing treatment and without self-assembly are shown in
Figure 6a,b. The 1D out-of-plane (OOP) and in-plane (IP) X-
ray diffraction profiles (diffraction vector g = 0.38, 0.76, and
1.14 A™! for the primary (100), secondary (200), and tertiary
(300) peaks, respectively) can be extracted from the 2D
GIXRD patterns, as shown in Figure 6c¢ and its inserted image,
respectively. The intense reflections of the (h00) plane along
the g, (out-of-plane) and a relative weak (010) plane along Gy
(in-plane) axes of the active layers without annealing treatment
can be observed from Figure 6a, which implies that P3HT
molecules would favor having an edge-on structure on the
substrate, i.e., hexyl side-chains perpendicular to the substrate
and the 7—r stacking direction of P3HT backbones parallel to
the substrate.*””** The P3HT molecules prefer to form the
more thermodynamically favorable edge-on structure during
the long self-assembly process of active layers without annealing
treatment. The relative reflection intensity of (h00) and (010)
planes can be confirmed from the 1D XRD patterns. For the
active layers without the self-assembly process, intense
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Figure 7. EQE spectra of the PM-type PPDs under different biases from —7 to —19 V with an interval of 3 V: (a) reference PPDs, (b) PPDs without
the self-assembly process, and (c) the corresponding responsivity and detectivity of the PPD dependence on illumination light wavelength under a

—19 V bias.

reflections of the (h00) plane along both g, and q.y axes can be
observed from the Figure 6b. The thermodynamically stable
edge-on crystal structure cannot be sufficiently developed from
coil-like P3HT in the active layer by direct annealing treatment
without the self-assembly process. It means that the P3HT
molecules prefer to have the mixed conformations including
edge-on and face-on structures on the substrate. According to
the Figure 6c, the OOP (h00) peak intensity of the active layers
without the self-assembly process is lower than that of the
reference films, indicating a relatively low crystallinity degree.”
As seen from the inset of Figure 6¢, the IP (h00) peak intensity
of the active layers without the self-assembly process is higher
than that of the reference films, and the IP (010) peak intensity
of the active layers without the self-assembly process is lower
than that of the reference films. This result further indicates
that the ordered face-on structure of P3HT molecules prefers
to be formed in the active layers without the self-assembly
process.””*** The face-on structure in P3HT molecules is
beneficial to hole transport along the direction perpendicular to
the substrate.* The experimental results provide the more
convincing evidence to explain the enhanced hole transport
ability along the direction perpendicular to the substrate for the
active layer with shorted self-assembly time.

It is known that the charge carrier transport ability in the
active layers should be enhanced along with the increase of bias
applied on the device. To further confirm EQE values of PPD
dependence on the hole transport ability in the active layers, we
measured the EQE spectra of all PPDs under different bias
from —7 to —19 V with an interval of 3 V and are shown in
Figure S5. The EQE spectra of the typical PPDs under different
bias are shown in Figure 7a,b. It is apparent that the EQE values
of all PPDs are rapidly increased along with the increase of

applied bias, which can be well-explained from the enhanced
hole-tunneling injection and hole transport ability along with
the increase of applied bias. As we know, the energy level of
P3HT should be more tilted under the higher bias, which can
further decrease the width of hole tunneling barrier from Al
cathode into the active layers for the better hole tunneling
injection. In addition, hole transport ability in the active layers
should be improved under the higher bias, resulting in the
shorted hole transport time (T) for passing through the whole
active layer according to the eq 1. The highest EQE values of
the reference PPDs at 390 and 625 nm are 35100% and
26 500% under —19 V bias, respectively. For the PPDs without
self-assembly process, the highest EQE values at 390 and 610
nm are 110 700% and 115 800% under —19 V bias, respectively.

The responsivity (R) and detectivity (D*) values of the PPD
dependence on wavelength were calculated according to the
EQE values of the PPDs and light intensity spectrum of the
monochromatic light, as shown in Figure 7c. The light-intensity
spectrum of the monochromatic light is shown in Figure S6. It
is apparent that the R and D* of PPDs without the self-
assembly process are much larger than those of the reference
PPDs. The detailed EQE, R, and D* values of the PM-type
PPDs are summarized in Table 2. The calculation of R is
expressed in the following equation:

R
I, ©)

where ], is the photocurrent density, and I, is the incident
light intensity. The incident light intensity is 13.02, 9.12, or
8.87 uW/cm? corresponding to 390, 610, or 625 nm,
respectively. The D* is calculated according to the following
equation:”’
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Table 2. Key Parameters of the Two Typical PPDs under the
Given Conditions

SAT A intensity (uW/ R

(min) (nm) cm?) EQE (%) (A/W)  D* (Jones)

ref 390 13.00 35100 1102 335 x 108
625 8.87 26 500 1332 4.04 x 108

0 min 390 13.00 110 700 347.5 1.32 x 10™
610 9.12 115800 5686  2.17 x 10*

SAT, self-assembly time; ref, active layer without annealing treatment.

__ R
(2¢]))'" 3

where ] is the dark current density, and e is the absolute value
of the electron charge (1.6 X 107"’ coulomb). For the reference
PPDs, the champion R and D* values are 133.2 A/W and 4.04
X 10" Jones under 625 nm light illumination under —19 V
bias, respectively. For the PPDs without self-assembly process,
the champion R and D* values arrive to 568.6 A/W and 2.17 X
10'* Jones under 610 nm light illumination under —19 V bias,
respectively. The enhanced R and D* of PPDs without self-
assembly process should be mainly attributed to the increased
hole transport ability in the active layer, with P3HT having the
face-on oriented molecular arrangement. Meanwhile, the rather
high R and D* values should be attributed to the relatively low
dark current due to the large hole-injection barrier of 0.8 eV
between the Fermi level of Al and the HOMO of P3HT. The
electron current can be neglected due to the rather low
PC,;BM doping ratio in the active layers leading to the absence
of electron-transporting channels.

D*

B CONCLUSIONS

In summary, the EQE values of PM-type PPDs are markedly
increased by adjusting P3HT molecular arrangement. The
champion EQE value of PPDs based on the active layers
without the self-assembly process arrives at 6380% under 610
nm light illumination at —10 V bias. The fine match spectral
shape between the absorption of active layers and the EQE of
the corresponding PPDs demonstrates that the PM phenom-
enon of PPDs is attributed to the enhanced hole-tunneling
injection assisted by the trapped electrons in PC,;BM near Al
cathode. The photogenerated electrons distribution in the
active layer further demonstrate that the number of trapped
electrons in PC,BM near the Al cathode plays the key role in
the hole-tunneling injection under reverse bias. The GIXRD
experimental results provide solid and direct evidence on the
P3HT molecular arrangement induced by the self-assembly
time. The P3HT molecular arrangement not only influences its
absorption but also the hole transport ability along the
direction perpendicular to the substrate. The face-on oriented
P3HT molecular arrangement is beneficial to hole transport
along the direction perpendicular to the substrate. The
molecular arrangement should play an important role in
determining the performance of organic electronic devices.
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