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ABSTRACT: Organic photodetectors (OPDs) are attractive
for their high optical absorption coeflicient, broad wavelength
tunability, and compatibility with lightweight and flexible
devices. Here we describe a new molecular design that enables
high performance organic photodetectors. We use a rigid,
conjugated macrocycle as the electron acceptor in devices to
obtain high photocurrent and low dark current. We make a
direct comparison between the devices made with the
macrocyclic acceptor and an acyclic control molecule; we
find that the superior performance of the macrocycle originates
from its rigid, conjugated, and cyclic structure. The macro-
cycle’s rigid structure reduces the number of charged defects
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originating from deformed sp” carbons and covalent defects from photo/thermoactivation. With this molecular design, we are
able to suppress dark current density while retaining high responsivity in an ultrasensitive nonfullerene OPD. Importantly, we
achieve a detectivity of ~10'* Jones at near zero bias voltage. This is without the need for extra carrier blocking layers commonly
employed in fullerene-based devices. Our devices are comparable to the best fullerene-based photodetectors, and the sensitivity at
low working voltages (<0.1 V) is a record for nonfullerene OPDs.

B INTRODUCTION

In this Article, we describe a new molecular design for creating
organic photodetectors (OPDs) with unparalleled ability to
detect photons. The use of organic materials as the active
component in photodetectors is attractive because of the
potential ease of their fabrication as lightweight and
mechanically flexible devices.'™* One critical parameter that
limits OPD performance is high dark current, because it
determines the noise current level and sensitivity of an OPD.
The state-of-the-art for OPDs employs a number of
modifications such as carrier blocking layers,” vertical phase
separation,6 and thick active layers,7 to lower the dark current.
An alternative approach is to use reaction chemistry to build
the desired properties into the structure of the active molecule
to minimize the intrinsic charge carriers in the active layers.
The dark current in organic, electronic materials is
multifaceted, and its origins are not completely understood.
Previous studies suggest that the intrinsic conductivity of
organic semiconductors is dominated by the intrinsic free
carriers, which are usually generated from charged defects."'
For example, covalent defects formed upon photo/thermo-
activation® ™" and mechanically deformed sp? carbon—carbon
bonds in z-conjugated molecules are known to produce
charged defects that introduce carriers.'~'* Fullerenes, which
are one of the most ubiquitous organic electronic materials,
undergo a facile dimerization when irradiated. The dimerization
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process, however, may vyield radicals that produce free
carriers.”” This also contributes to the dark current.'

To address these issues, we designed a macrocycle that
consists of redox-active diphenyl perylenediimide (P) wrapped
into a tetrameric structure (Figure 1A). We call this cP,. We
find that when we incorporate cP, into OPDs the devices have
high sensitivity for visible light detection in a very simple device
structure. The macrocycle contains several key design elements
to yield the highly sensitive OPD result: (1) the rigid structure,
constrained in a ring, minimizes the number of charged defects
originated from deformed sp® carbons; (2) no covalent defects
are formed upon photo/thermoactivation; (3) it is efficacious at
transporting electrons; (4) and it has high visible light
absorption that yields significant photocurrent in a bulk
heterojunction photodiode.'> Using this design we are able to
suppress the dark current density while retaining high
responsivity in an ultrasensitive nonfullerene OPD. Without
the need for extra carrier blocking layers, the highest detectivity
in our device approaches 10'* Jones at near zero bias voltage.
This detectivity is comparable to the best fullerene-based
photodetectors, and the sensitivity at low working voltages
(<0.1 V) is a record for nonfullerene OPDs. A direct
comparison between cP, and an acyclic control molecule
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Figure 1. (A) Molecular structure of cP, and PTB7-Th. (B) Energy minimized structures from DFT for cP,. Carbon = gray, nitrogen = blue, oxygen
= red. Hydrogen atoms have been removed to clarify the view. A methyl group substitutes the side chains in the calculations. The methyl group, too,
has been removed to clarify the view in the structures presented here. (C) Normalized film absorption spectra of PTB7-Th and cP,. (D) Schematic
of the energy levels of ITO, ZnO, PTB7-Th, cP,, MoO;, and Al Energy levels of PTB7-Th and cP, were estimated from cyclic voltammetry

measurements in solution and adopted from refs 18 and 15, respectively.
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Figure 2. (A) Device structure for the inverted organic photodetector. (B) Current density—voltage curves under dark condition and simulated AM
1.5 G irradiation (100 mW cm™2). (C) External quantum efficiency and specific detectivity spectra calculated at —0.1 V bias voltage. (D)
Comparison of detectivity and working voltage in reported organic photodetectors and this work.””'?~*

reveals that cP,’s superior performance originates from its rigid,
conjugated, and macrocyclic structure.

B RESULTS AND DISCUSSION

In a previous study, we found that cP, is an n-type
semiconductor that transports electrons in both field effect
transistors and solar cells.'”” Figure 1B shows cP,’s energy
minimized structure, according to density functional theory
(DFT). cP,’s ~2 nm diameter cavity in its interior is large
enough to thread donor polymers (Figure 1B); its branched
side chains impart high solubility in common organic solvents.
In solution, the lowest-energy absorption peak at $85 nm has
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an extinction coefficient of 7.9 X 10* M™! cm™! (Figure S1).
The active layer of the photodetector is a blended film of cP,
and the commercially available polymer donor PTB7-Th
(Figure 1A)."*"” The absorption of PTB7-Th is bathochromi-
cally shifted relative to cP, (Figure 1C). Figure 1D contains the
energy diagram of the materials used in this device. We note the
energy offset between the donor’s lowest unoccupied molecular
orbital (LUMO) and the acceptor’s LUMO is well-matched
(Figure 1D); energy levels were estimated from cyclic
voltammetry (CV).">"

Figure 2A shows a model of a simple device structure that
was used in this study. The thickness of the active film is ~150
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Table 1. Summary of OPD Device Parameters Measured at —0.1 V Bias Voltage

Ja (A em™) EQE (%)
cP, 1.5 x 107 33 @600 nm
PC,;BM 5.6 x 1077 70 @640 nm
aP, 1.0 x 107° 22 @350 nm

R (AW™) D* (Jones)
0.18 @690 nm 2.5 x 10" @690 nm
0.39 @710 nm 9.2 x 10" @710 nm
0.09 @680 nm 4.8 X 10" @680 nm

nm. Figure 2B displays the current—voltage curves for a typical
OPD under dark conditions and simulated AM 1.5G irradiation
(100 mW cm™2). One of the exciting findings is that the OPD
possesses extremely small dark current at reverse bias voltage.
The dark J—V curve shows a high rectification ratio of >10° at
+2 V and a dark current density as small as 1.4 X 107° A cm™
at —0.1 V. This dark current density is 1 order of magnitude
lower than the best fullerene-free OPDs’ and comparable with
fullerene-based OPDs and perovskite photodetectors.”>”
Notably, both fullerene-based OPDs and perovskite photo-
detectors need extra electron or hole blocking layers in order to
achieve a low level of the dark current.>** Equally important is
the large photocurrent that is generated upon photoexcitation
at small reverse bias voltages. The on/off ratio is >107
calculated at —0.1 V under simulated AM 1.5G irradiation
(100 mW cm™2). The OPD device described here can operate
at small bias voltages and even at zero bias. This compares
favorably with previously reported nonfullerene OPDs; they
require much larger reverse bias voltages (typically —1 to —3 V)
to operate due to the poor carrier extraction.”>~>>%°

Ultralow dark current could result from poor carrier
transport ability. This is not the case for cP,. As discussed
above, cP, effectively transports electrons generated upon
photoexcitation. This allows the OPD to operate at a small bias
voltage. We inherently achieve high photocurrent and low dark
current simultaneously in the cP, OPD with a thin active layer
and a simple device structure. cP, is an ideal design for an
electron acceptor to create a highly sensitive nonfullerene OPD.

Table 1 summarizes the responsivity (R), specific detectivity
(D*), external quantum efficiency (EQE) and dark current
density (J;) for the OPD device data for the PTB7-Th:cP,
blended films. The devices have a linear dynamic range (LDR)
> 140 dB (Figure S2) and cutoff frequency of 467 kHz (Figure
S3). Overall the device characteristics are excellent; in
particular, cP, greatly excels in detectivity. We find that the
specific detectivity is more than 10" Jones over the whole
visible light region at —0.1 V. The highest D* was calculated to
be 2.5 X 10" Jones at 700 nm (Figure 2C). At zero bias, the
calculated specific detectivity is as high as 1 X 10'* Jones. These
values are among the highest detectivities for the state-of-the-
art fullerene photodetector™'*>*?°~***> and much higher than
the best nonfullerene OPDs”/>*~ 29303134 (Figure 2D). More-
over, the cP,-based OPD requires much smaller working
voltage compared with other nonfullerene OPDs because of
their relatively high responsivity (R) near zero bias voltage
(Figure 2D).

One of the two key parameters responsible for high
responsivity (R) is efficient charge generation from photo-
excitation in the active layer. Extensive research on molecular
donor/acceptor interfaces has pointed to the critical role of
electronic delocalization in facilitating efficient charge separa-
tion at the donor/acceptor interfaces.”>*® In particular, the
spherical fullerene based electron acceptors are believed to
transport charge efficiently due to their three-dimensional
connectivity in ensuring electronic delocalization on the
acceptor side.””*® Can cP, provide similar connectivity and

electronic delocalization that is necessary for charge separation?
While the high responsivity near zero bias suggests the answer
above is affirmative, we further support this by studying the
efficient charge separation at the PTB7-Th/cP, interface using
transient absorption (TA) spectroscopy (see the Supporting
Information for the details of the experiment).

The linear absorption spectra in Figure 1C show that the
donor material, PTB7-Th can be selectively excited at 710 nm
in the blended film; subsequently, we can monitor electron
transfer from PTB7-Th to cP,. At a short pump—probe delay
(0.25 ps), we observe features arising from PTB7-Th (red curve
in Figure 3A) with the bleaching at 630 and 715 nm and excited
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Figure 3. Transient absorption spectra (A) and dynamics (B) for the
neat film of PTB7-Th and blended film of cP, and PTB7-Th pumped
at 710 nm. The dashed black curves are from PTB7-Th which were
scaled for comparison.

state absorption (ESA) in the near IR range. This is similar to
the TA spectrum from the neat PTB7-Th film (black dashed
curve in Figure 3A). The bleaching in PTB7-Th is reduced and
new ESA transitions from 770 to 1300 nm evolve as the delay
time increases. These new ESA features centered at 840 and
1120 nm are attributed to the charge (polaron) absorptions in
the perylenediimide (PDI) and PTB7-Th moieties, respec-
tively.””~*' While the ESA of the PTB7-Th singlet dominates in
the long probe wavelength range (>1300 nm), the ESA of
charges in either donor or acceptor materials is negligible. Thus,
dynamics at 1335 nm are a good measure of exciton
dissociation at the donor/acceptor interface. Figure 3B shows
that the biexponential fit (blue curve) to the dynamics at 1335
nm (blue dots) yields time constants of 0.11 + 0.04 ps (42%
weight) and 1.2 + 0.1 ps (58% weight). The charge buildup
monitored by polaron ESA at 780 nm (red dots) gives nearly
identical time constants (red curve). These time constants
indicate ultrafast electron transfer from PTB7-Th to cP,. The
short time constant can be attributed to the instantaneous
charge transfer near the interface upon photoexcitation, while
the longer time constant is attributed to exciton diffusion in
PTB7-Th prior to the dissociation event."”*" For comparison,
the singlet exciton lifetime in neat PTB7-Th is of the order of
nanoseconds (black dashed curve in Figure 3B). This is much
longer than that in the blend. We also observe similarly ultrafast
hole transfer from cP, to PTB7-Th when both donor and
acceptor are excited at 560 nm (see the Supporting
Information). These measurements confirm that cP, photo-
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detector performance is comparable, if not better than that of a
fullerene, for exciton dissociation in blend films.**™*°

The second important parameter that determines the high
detectivity in these devices is the dark current density. To gain
insight into the origin of the device characteristics, we analyze
the J—V curve under dark conditions to calculate the reverse
saturation dark current J,. The fitting method is detailed in the
Supporting Information. The saturation dark current density is
as low as 7.7 X 107 A cm™ (Figure S5). The intrinsic
conductivity is determined by the intrinsic free carrier density
and the mobility. Photocurrent and thin film field effect
transistor measurements reveal efficacious electron transporting
ability."> Therefore, such a low level of J, indicates a small
amount of intrinsic free carrier density. To verify that the
intrinsic conductivity of the thin films is dominated by the
charged defects, we measured the dependence of the dark
current density on temperature. The activation energies are
calculated to be (0.15 + 0.01) eV and (0.20 + 0.01) eV at -2V
and —0.5 V, respectively (Figure S6). These values are much
smaller than the band gaps of the active organic components
(Figure 1D) and are consistent with thermal activation energy
of locally bound charged defects.'"*®

To better understand the origin of the low density of charged
defects in cP,, we made a direct comparison between a
PC,,;BM and a cP, based OPD with the same device structure
as shown in Figure 2A. Although the responsivity (R) of the
PC,;BM-based OPD is approximately 2-fold higher than that of
the cP,-based device (Table 1 and Figure S8), the dark current
of the PC,;BM-based device is 2—3 orders of magnitude higher
than that of the cP,-based one (Figure 4B). It is obvious that
the dark current level dominates the detectivity in this type of
OPD. Thus, the detectivity of the cP,-based OPD is more than
1 order of magnitude higher than that of the PC,BM-based
one (Figure 4C). One of the origins of the high dark current is
from the chemistry of fullerenes. PC,;BM is known to undergo
dimerization that is initiated by electron donors, metals, and
photons.g_w’M'48 In each of these cases, in a solid state film, the
partners need to be unencumbered and in the correct
orientation for the reaction to occur. In the absence of these
conditions, the films will contain carriers that contribute to the
relatively high dark current.*”'" Fullerene-based OPDs require
extra blocking layers to minimize this relatively high dark
current. Compared with fullerenes, PDIs are known to exhibit
exceptional chemical, thermal and photochemical stability.*’~>*
They have also been widely used as building blocks to construct
macrocycles.’* ® The PDI units in cP, have no easily
accessible pathway to introduce these same type of covalent
defects. This accounts for the low intrinsic conductivity in cP,
OPDs."!

In order to assess the importance of the cyclic, rigid structure
of cP,, we synthesized an acyclic, polymeric version, named,
aP, (Figure 4A). Overall, the aP, photodetector performs very
well and shows high sensitivity. Although the responsivity of
the aP, OPD is about one-fourth of that in the PC,;BM OPD,
the dark current density in the aP, OPD is 1 order of
magnitude lower than that in the PC,;BM OPD (Figure 4B).
As a result, the aP, OPD shows a doubling of the detectivity
compared to the PC, BM OPD (Figure 4C). These results,
once again, suggest that dark current dominates the sensitivity
and confirm the importance of incorporating chemically stable
PDIs into electron acceptors in OPDs. Even so, the aP,, OPD is
still not as effective as the cP, OPD in terms of detectivity. As a
comparison, the aP,-based OPD has a dark current 1.0 X 107°
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Figure 4. (A) Molecular structure of aP,, used to test the origin of the
low dark current. (B) Dark current density—voltage curves for
PC,BM, aP, and cP, based photodetectors with the same device
structure as shown in Figure 2A. (C) Specific detectivity spectra for
cP,, aP,, and PC,;BM based OPDs calculated at —0.1 V bias voltage.

A cm ™ at —0.1 V, which is about 10-fold higher than that of the
cP,-based device (see Table 1 and Figure 4B). In addition, the
aP -based OPD also shows lower responsivity compared to cP,
devices (Table 1 and Figure S8). The resulting peak D* for the
aP_-based OPD is 4.8 X 10'* Jones at 680 nm, only about one-
third of the peak value in the cP,-based OPD. This is because
intrinsic, charged defects in linear polymer semiconductors
originate from end groups'***®” and deformed sp’ carbons
near the rotatable C—C single bonds."'~"* The torsional effect
is inevitable in linear molecules with flexible backbones. These
problems are eliminated by winding linear molecules into rigid,
conjugated macrocycles with no end groups.">*® The macro-
cyclic cP, possesses a locked conformation with higher rigidity
(Figure 1B) and is expected to create fewer locally charged
defects relative to the linear polymeric counterpart.

B CONCLUSION

The results described above show that the rigid, cyclic
molecular structure is an important design criterion to achieve
ultralow intrinsic conductivity in the OPDs. We found that the
rigid, conjugated macrocycle is able to act as the electron
acceptor in high performance OPDs. Using this molecular
design, we are able to suppress dark current density while
retaining high responsivity in an ultrasensitive nonfullerene
OPD. Without the need for extra carrier blocking layers, this
detectivity is comparable to the best fullerene-based photo-
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detectors, and the sensitivity at low working voltages is a record
for nonfullerene OPDs. It is clear from this study that the
devices can be further improved by designing the electron
donating material to form a shape and electronic match for
these macrocyclic electron acceptors.
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