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Solution-processed organic photodetectors (OPDs) sensitive to infrared (IR) light have the potential to
be used in various technologies from health monitoring to communication. These detectors require low
bandgap materials absorbing photons beyond 750 nm with high responsivity. In this work, an ultra-low
bandgap non-fullerene acceptor (NFA) that absorbs light until 1020 nm is developed. Used in a bulk
heterojunction (BHJ)-based device, the photodetector has a maximum responsivity of 0.50 A W™t at
890 nm without bias voltage comparable with silicon-based detectors. Due to high and balanced
mobilities of 107* cm? V™! s7%, the device has a fast speed of response to IR (ie. rise and decay time
less than 4 ps) and minor damping of 1 dB in the IR communication range (38-50 kHz). The
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organic photodetector transcripts with accuracy the message emitted around 910 nm from a commer-

rsc.li/materials-c cial remote control, thus demonstrating the potential of organic electronics for infrared communication.
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Introduction

Benefiting from the progress of organic solar cells (OSCs), organic
photodetectors (OPDs), devices that convert a light signal into an
electrical signal, have shown in parallel rapid improvement.'”
OPDs have potential be used for a wide range of application such as
imaging,*” artificial vision,*® wearable electronics,'®"" medical
monitoring'? or light communication."® Historically the develop-
ment of OPDs has largely focused on detection of visible light,
however, the research effort has recently moved towards IR light
with applications in biomedical monitoring, imaging or
communication."**"> Even though IR OPDs were successfully
implemented in the ubiquitous photoplethysmogram sensors,"*®
other examples of real-life applications have been very limited.">"”
To demonstrate the potential of organic materials for IR detection,
it is essential to incorporate them on other technologies, IR
communication being one of them.

Two key properties are necessary for materials used for IR
communication employed for remote controls. Firstly, the
semiconductor needs to absorb the IR region of the electro-
magnetic spectrum. Since the emission spectrum of a typical
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commercial gallium arsenide Light Emitting Diode (LED) used for
IR communication is centered around 910 nm, materials with ultra-
low bandgap (i.e. 1.1-1.3 eV) are required, where ideally the peak of
absorption matches the peak of the LED emission. In the early days
of IR fullerene-based OPDs, the low band gap material were poly-
mers donors. The first examples of IR photodetector were reported
in 2007 where the devices were active up to the wavelengths of 1200
nm."®'® This was later improved, with the report of a detector
responding until 1450 nm.* Despite years of development, the main
limitation of using fullerene-based BHJ is, with a notable
exception,” the low external quantum efficiency (EQE) in the
infrared region (typically less than 30% at 900 nm).*>> Replacing
fullerene by non-fullerene acceptors (NFAs) was an important mile-
stone for OSCs.*® If ultralow bandgap NFAs were originally
developed to extend the absorption of the solar spectrum and thus
give more current in a solar cell, they could also be used to
specifically target IR radiation. Due to their high extinction coeffi-
cient and the ability to form adequate BH]J, OSCs with low bandgap
NFAs maintain high EQE in the IR region (more than 60% at
900 nm).****! For the same reason, recent OPD works that target IR
use low bandgap NFAs.'®3?

The second necessary property for IR communication
employed for remote controls is a speed of response (SR)
adequate for this technology. Difficult to predict precisely, the
cutoff frequency (f;) is usually limited by the transit time of the
charge carriers and is given by the following equation:

3. 50 (V + Vi
fi = 2erlV 4 Vo) )
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In the equation, pes is the effective carrier mobility, V is the
applied bias, V}; is the built-in voltage and L is the thickness of
the active layer.'®>* Reported values have been of from kHz to
MHz>'83* where MHz is particularly attractive for visible light
communication (VLC).>**” Since the frequency range used for
IR communication by a remote control is between 38 kHz and
50 kHz, the semiconductor with a carrier mobility superior of
10° em® V' 57" will be necessary for fast extraction of the
charges in order to follow the input signal with an attenuation
of the response below 3 db.*® To summarize, the ideal candidate
for infrared communication is an ultra-low bandgap material
with high mobility.

Results and discussions

To fulfil those requirements, we selected and developed a set of
two low bandgaps molecules, namely O4TIC and OA4TFIC
(Scheme 1) with the following strategies. (i) Instead of an
indacenodithiophene (IDT) core with bridging methylene units,
we opt for the carbon-oxygen-bridged ladder-type bridge which
has a stronger electron-donating capability via the conjugation
effect of the oxygen.* (ii) The phenyl moiety in the centre of the
molecule is replaced by the electron-rich thieno[3,2-b]thio-
phene that further improves the electron-donating capability
and further reduces the bandgap of the molecule.” (iii) We
attach linear side chains instead of phenyl-alkyl ones to
increase the crystallinity and thus increase the electron
mobility.*"** (iv) For the fluorinated version of the molecule,
the F atoms enhance the electron-withdrawing capability of the
end units thus leading to an even smaller bandgap.”* The
lactone 1%° was reacted with octylmagnesium bromide to form
the four hydroxyl intermediate. This was followed by dehydra-
tion to afford dipyran unit 2 in the presence of p-toluene
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Scheme 1 Synthetic route of O4TIC and O4TFIC.
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sulfonic acid. Aldehyde 3 was obtained by Vilsmeier-Haack reac-
tion with phosphorus oxychloride and dry dimethylformamide.
The target molecules O4TIC and O4TFIC were synthesized by the
Knoevenagel condensation reaction of aldehyde 3 with 2-(3-oxo-
2,3-dihydro-1H-inden-1-ylidene)malononitrile and 2-(5,6-difluoro-
3-0x0-2,3-dihydro-1H-inden-1-ylidene)malononitrile, respectively.

The detailed synthesis protocol is provided in the ESI{ and
the NFAs are depicted in Fig. 1a alongside PM6, the donor
polymer used in this study. PM6 was chosen for its high
performance in BH]J devices achieving high mobilities and high
responsivity.>®** Fig. 1b shows the thin films UV-vis spectra
of the neat materials cast from chlorobenzene (CB) solutions.
(UV-vis of blends provided Fig. S1, ESIT). The onset of absorp-
tion of OA4TIC is around 920 nm and the absorption maximum
is at 825 nm. The absorption of O4TFIC, red-shifted as expected
from the fluorination, starts around 1020 nm and peaks at
920 nm. The large bandgap donor PM6 has a maximum
absorption at 625 nm. From the onset of absorption, the optical
bandgaps (E,) are 1.8, 1.4 and 1.2 eV for PM6, O4TIC and
OATFIC respectively. The emission of a commercial LED, used
for IR communication, is superimposed and shows a narrow
peak centered around 915 nm. Importantly, the emission of the
LED matches with the maximum absorption of O4TFIC
whereas there is reduced overlap between O4TIC absorption
and the LED emission. Fig. 1c depicts the energy levels of the
materials. The Ionization Potential (IP) is measured via Photo-
electron spectroscopy (PESA) and the Electron affinity (EA) is
obtained by adding the optical band gap to the IP. The IP of
PMB6 is 5.4 eV and the IP levels of O4TIC and O4TFIC are 5.6 and
5.7 eV respectively (Fig. S2, ESIT). The EA of O4TIC and O4TFIC
are 4.2 eV and 4.5 eV respectively. The energy offset between
PM6 and the acceptors make them suitable for fabricating
OPDs devices based on bulk heterojunctions (BHJ).

Organic photodetectors were fabricated using the device
structure ITO/PEDOT:PSS/BH]/Phen-NaDPO/Ag. The detailed
experimental protocol is provided in the SI. To characterize
the devices under operation we use an infrared LED emitting at
880 nm (spectrum is given Fig. S3, ESIt). The dark current and
the current measured under light are provided in Fig. 2a. At
reverse bias (—2 V or 2.2 x 107 V m ~') the photodetectors show
comparable dark current values of 74 pA cm ™2 and 83 pA cm 2
for PM6:04TIC and PM6:O4TFIC respectively. The relatively
large values of dark current, several orders of magnitude higher
than silicon photodiodes, for devices containing low bandgap
materials have been explained previously by the injection of
electrons into the LUMO of the acceptor and/or device leakage.?
Common ways to reduce the dark current include the inter-
layers engineering and/or increasing the thickness of the active
layer.>*>*® Our results on device optimization show a decrease
of dark current by increasing the thickness of the active layer
but in this is accompanied by a reduction in responsivity
(Fig. S4 and Table S1, ESIt). Under IR illumination, the devices
show an increase of current up to 6.9 mA cm ™2 and 15.2 mA cm ™2
for PM6:04TIC and PM6:O4TFIC respectively. The increase of
current of several orders of magnitude demonstrates the sen-
sitivity of the detectors to IR light.

This journal is © The Royal Society of Chemistry 2021
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(a) The chemical structures and (b) the thin-film UV-vis absorption spectra of O4TIC, O4TFIC and PM6. The emission spectrum of a LED used for

infrared communication is presented. (c) PESA-estimated values of IP and EA. EA values calculated by subtracting IP and Eg values.
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(a) Current-voltage measurement of PM6:0O4TIC and PM6:O4TFIC devices in dark and under IR light (b) responsivity of PM6:04TIC and

PM6:O4TFIC devices, the emission of an LED used for infrared communication is plotted (c) transient current of PM6:04TIC and PM6:O4TFIC devices in
response to 200 ps infrared LED pulse for various voltage biases applied (d) normalized photoresponse of PM6:0O4TIC and PM6:O4TFIC devices as a
function of the modulation frequency of an IR LED at —2 V. The frequency range used for infrared communication (38—50 kHz) is shown in red. A bias of

—2 V is equivalent to an electric field of F = 2.2 x 10V m™™.

The responsivity of the devices is depicted in Fig. 2b.
PM6:04TIC reaches a maximum responsivity of 0.19 A W™ " at
830 nm. For PM6:0O4TFIC the responsivity is higher, extending
into the infra-red region up to 1020 nm and reaches 0.50 AW "
at 890 nm without applying voltage bias. At this wavelength,
the responsivity is similar to Si-based photodetectors (Fig. S5,
ESIt). The higher responsivity of PM6:O4TFIC compared to

This journal is © The Royal Society of Chemistry 2021

PM6:04TIC is in line with the higher current measured under
IR light.

An assessment of the sensitivity of organic photodetectors
can be made using the parameter specific detectivity (D*) which
combines the responsivity and noise current. Estimations of
the noise current in the OPDs accounting for contributions of
thermal, shot and flicker noise were used to determine the

J. Mater. Chem. C, 2021, 9, 2375-2380 | 2377
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specific detectivities as outlined in the ESIL{ For the PM6:04T-
FIC OPD at 915 nm an impressive D* of 9 x 10" Jones is
determined at 0 V (Fig. S6, ESI{). However, from the dark
current density plot (Fig. 2a) and noise current spectral density
plot (Fig. S7, ESIY) it can be seen that at increasing reverse bias
the specific detectivity will be limited by noise.

As mentioned above, a suitable material for IR application
not only absorbs IR light but also has the requisite speed of
response. Infrared communication doesn’t work with continuous
light but rather pulsed light at frequencies between 38 kHz to
50 kHz depending on the manufacturer. The reasons are to avoid
overheating of the source and prevent absorption of parasitic light
by the receiver. Thus, it is necessary to investigate the speed of
response of the devices and their behaviour under different light
frequencies. Performing transient photocurrent (TPC) measure-
ments, we measure at the rise and decay time (time to go from
10% to 90% of the steady-state response) of the devices following
a 200 ps IR light pulse for different applied voltages. The results
are provided in Fig. 2c (Normalized data depicted in Fig. S8, ESIY).
For the blend PM6:04TIC without applying bias, the rise time is
8.1 us and the decay time 9.2 ps. At —2 V the rise time decreases to
3.8 ps and the decay to 4.3 ps. Turning to PM6:O4TFIC device, the
rise time is almost independent of the applied bias and slightly
decrease from 2.9 to 2.4 ps from unbiased to —2 V. The decay time
decreases from 3.9 ps to 3.7 ps. It is well established that devices
work faster with applied bias since the velocity of the carriers
increases proportionally with the voltage.***” The transient time
of PM6:O4TFIC implies fast extraction of carriers required for fast
operation.

Finally, we investigate the decay of the device response for
different frequencies of a sinusoidal IR signal (i.e. damping),
with results provided in Fig. 2d. The PM6:04TIC photodetector
response decreases gradually until 10 kHz before a more abrupt
decay. The decay observed for infrared communication range is
1.12 dB and 1.41 dB for 38 kHz and 50 kHz respectively.
PM6:04TFIC demonstrates better stability at low frequency

View Article Online
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with minor damping up to 10 kHz. At 38 kHz and 50 kHz,
the damping is only 0.87 dB and 0.95 dB respectively. This
corresponds to a decrease in the signal of only around 10%
compared to the signal under continuous illumination.

To better understand the origin of the difference in perfor-
mance between the two blends we evaluated the Space Charge
Limited Current (SCLC) mobilities. (details provided in the
ESIt). The neat NFAs show relatively comparable electron
mobilities of 1.4 and 2.3 x 10~* em®> V™' s for O4TIC and
OATFIC respectively. Comparing the blends, the hole mobilities
are also similar 1.1 and 2.5 x 10™* cm® V' s7" for O4TIC
and OATFIC respectively, and comparable to the neat donor
PM6 (1.7 x 10~* em® V™' s7"). However, the electron mobility
in the PM6:O4TIC blend is significantly reduced to 2.9 X
107° em® V! 57! whereas PM6:04TFIC keeps a similar high
mobility of 1.3 x 107* ecm® V™' s'. These different blend
mobilities explain why PM6:O4TFIC has a better responsivity
and faster response than its non-fluorinated counterpart.
In summary, PM6:O4TFIC shows large current variation
between dark and illuminated, high responsivity to IR light,
fast extraction of carriers and good performance at high
frequencies, all criteria needed for IR communication.

To demonstrate the potential of organic electronics for IR
communication, we tested the PM6:04TFIC photodetector
response to the signal emitted by a commercial IR remote
control. The controller here uses the NEC transmission proto-
col consisting of the Pulse Distance Encoding (PDE) of the
message bits where the logical “0” and “1” depends on
the time between two pulse bursts.*® The signal emitted from
the remote control when the button “On” is engaged is
depicted in Fig. 3a. It contains different parts in the following
order: a start pulse of 9 ms followed by a 4.5 ms space. The first
8-bit corresponds to the address for the receiving device (i.e. the
device ID), here a series of eight “0”. The device ID is followed
by its logical inverse: eight “1”. The third 8-bit series corresponds
to the command. Here the command “on” of the remote control

a) Start pulse Device ID Device ID (Logical inverse) Command Command (Logical inverse)
00000000 1 1 1 1 1 1 1 1 10 1 100000 1200 1 1 1 1
b) 38 KHz
&5
£
© 44
E
= 34
2
2 2]
[}
o
T 1
[
= 20 40 60 80 100
8 0+ Time (us)
0 10 20 30 40 50 60 70
Time (ms)
Fig. 3 (a) Message frame delivered by the “On" button. The protocol uses a Pulse Distance Encoding of the message bits (b) response of PM6:O4TFIC

photodetector to the message frame.
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is the sequence 10110000 followed again by its logical inverse.
A final pulse burst ends the transmission. The total message is
67.5 ms long. The inset of Fig. 3a shows the sinusoidal nature of
the pulse burst at the frequency of 38 kHz. Fig. 3b shows our
organic photodetector response to the message. The device
captures the signal sequence with a clear distinction between
“0” and “1” bits and a high ratio of light on/light off. A current
density of mA cm ™~ is measured due to the high responsivity of
the device in the IR region in agreement with the previous
measurement. The inset shows the device response to 38 kHz
sinusoidal pulse. This experiment demonstrates that the organic
photodetector can be integrated into the mature technology of IR
communication.

Conclusion

We have developed a low bandgap molecule absorbing light
until 1020 nm. Used in a BHJ-based photodetector, the device
shows high responsivity in the IR region. Due to high and
balanced mobilities, the detector has a fast response to IR light.
The photodetector can follow the message emitted from a
remote control showing the potential of organic electronics
for IR communication.
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