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Infrared Organic Photodetectors Employing Ultralow
Bandgap Polymer and Non-Fullerene Acceptors for

Biometric Monitoring

Polina Jacoutot, Alberto D. Scaccabarozzi, Tianyi Zhang, Zhuoran Qiao, Filip Aniés,
Marios Neophytou, Helen Bristow, Rhea Kumar, Maximilian Moser, Alkmini D. Nega,
Andriana Schiza, Antonia Dimitrakopoulou-Strauss, Vasilis G. Gregoriou,

Thomas D. Anthopoulos, Martin Heeney, lain McCulloch, Artem A. Bakulin,

Christos L. Chochos, and Nicola Gasparini*

Recent efforts in the field of organic photodetectors (OPD) have been focused
on extending broadband detection into the near-infrared (NIR) region. Here,
two blends of an ultralow bandgap push—pull polymer TQ-T combined with
state-of-the-art non-fullerene acceptors, IEICO-4F and Y6, are compared to
obtain OPDs for sensing in the NIR beyond 1100 nm, which is the cut off

for benchmark Si photodiodes. It is observed that the TQ-T:IEICO-4F device
has a superior IR responsivity (0.03 AW~' at 1200 nm and -2 V bias) and can
detect infrared light up to 1800 nm, while the TQ-T:Y6 blend shows a lower
responsivity of 0.01 AW-". Device physics analyses are tied with spectroscopic
and morphological studies to link the superior performance of TQ-T:IEICO-4F
OPD to its faster charge separation as well as more favorable donor—acceptor
domains mixing. In the polymer blend with Y6, the formation of large agglom-

1. Introduction

The optical sensor market is currently
going through an intensive growth phase
to fulfil the requirement in detectors for
imaging, smartphones, and automotive
vehicles, as well as for applications in
biomedicine,! optical communication,?
security, and environmental monitoring.
Organic electronic technology involving
carbon-based semiconductor materials
has many desirable features compared to
its inorganic counterpart including room-
temperature processing from solution and
reduced manufacturing costs while deliv-

erates that exceed the exciton diffusion length, which leads to high charge
recombination, is observed. An application of these devices as biometric sen-
sors for real-time heart rate monitoring via photoplethysmography, utilizing

infrared light, is demonstrated.

ering large areas of lightweight, flexible
devices with strong light absorption and
optical and electronic tuneability.>)
Emerging designs for biological
imaging operate within the second
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(NIR-II: 1000-1300 nm) and third (NIR-III: 1550-1870 nm)
biological windows, which offer deeper tissue penetration,
improved image contrast, and reduced photobleaching.!'®°]
This makes organic devices that can detect those spectral
regions while delivering conformal coverage, biocompatibility,
and lack of cooling requirements, a preferred choice for wear-
able health monitors.'%12 Between the pool of organic semi-
conductor devices, organic photodetectors (OPDs) based on
near-infrared (NIR) materials have the potential to outperform
commercially available sensors for cardiac recordings as well
as for blood oximeters.*!3 This latter feature is of utmost
importance for health monitoring, for example, SARS-CoV-2
detection.>1®) However, the wide bandgaps of solution-proces-
sible molecular semiconductors present challenges in realizing
infrared detection above wavelengths of 1 um. Many advances
in the design of infrared-sensing materials were achieved
during the development of bulk heterojunction (BHJ) organic
photovoltaics (OPV) to enhance their solar light harvesting and
power conversion efficiencies.'”-2!l This has greatly impacted
the OPD field, as OPDs share certain working principles with
OPV, and can benefit from the rapid increase in the available
array of low-bandgap materials.%%?

The main synthetic strategy to lower the bandgap and tune
the electronic levels of conjugated polymers for OPV/OPD
applications, involves the stabilization of the semiconductors’
quinoid resonance form, the use of alternating donor and
acceptor units, or a combination of both methods.?>-2% One of
the pioneering works in this field used a thiadiazoloquinoxaline
unit to lower the polymer bandgap to 1 eV and push its absorp-
tion tail up to 1200 nm.?®) However, with these NIR absorbing
polymers, low open-circuit voltages (V,) were obtained for
polymer:fullerene blends in OPV. This is due to the small
difference between the highest occupied molecular orbital
(HOMO) of the donor and the lowest unoccupied molecular
orbital (LUMO) of the acceptor.?”! Alternatively, low bandgap
non-fullerene acceptors (NFAs) can be used to address fuller-
ene’s limitations, and provide more tunability in the energy oft-
sets between the donor and acceptor.”?8! The renaissance of
NFAs was first driven by the OPV field in an effort to minimize
manufacturing costs and voltage losses via energy level tuning.
Small molecule acceptors also became popular in OPD research
as lower-cost materials with tunable absorptions.'2°-31 Still, to
this day, the choice of organic NIR devices with detection up
to 1400 nm remains scarce with only a few studies reporting
detection up to 1600 nm (Table S1, Supporting Information).'3]

Along with new materials synthesis, various device engi-
neering solutions have successfully pushed the detectivity fur-
ther into the infrared region.’?l For example, optically thick
cavities have enabled truly narrowband detection in the NIR
region using sub-bandgap photons through charge collection
narrowing.>¥! Alternatively, harvesting sub-bandgap absorption
of charge-transfer states has been used for NIR detection, as
recently demonstrated for a variety of fullerene-based OPDs.1>*3"]
Nonetheless, these methods also suffer from low external
quantum efficiencies (EQEs), compared to the much more
abundant visible detector library.®!

Until very recently, no theoretical limit for specific detectivity
(D*) has been identified for OPDs and the longest achievable
detection wavelength is still unknown.?” The calculated detec-
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tivity limits for 1500 and 2000 nm have been estimated at 1012
and 10 Jones, respectively, as a result of non-radiative dark sat-
uration current that is a limiting factor at longer wavelengths.>"!

In this work, we demonstrate two NIR organic photodetec-
tors based on donor—acceptor (D-A) bulk heterojunction blends,
using an ultralow bandgap polymer (TQ-T) and NFAs with a
spectral responsivity up to 1800 nm. TQ-T belongs to the class
of D-A type conjugated polymers and comprises a para alkoxy-
phenyl substituted thiadiazoloquinoxaline (TQ) as highly elec-
tron-deficient moiety and thiophene as a high electron-rich unit.
This results in an ultralow bandgap of <0.7 eV. We investi-
gated the organic photodetector performance of two blends
of the polymer with the established non-fullerene acceptors
IEICO-4F*] and Y6 and provide spectroscopic evidence to
explain the superior responsivity and specific detectivity of the
[EICO-4F-based device in the infrared window. In particular, we
found that the finer microstructure in TQ-T:IEICO-4F blends
leads to faster charge transfer and lower charge recombination,
resulting in a dark current of 8.4 x 10> mA cm™ and D* of
10' Jones in the NIR at —2 V. Furthermore, we provide a scope
for biometric applications for this device by demonstrating real-
time contactless heart rate monitoring with high signal resolu-
tion in the infrared.

2. Results and Discussion

The photoactive layer of the NIR-OPD devices comprises the
ultra-narrow bandgap (Eg) donor polymer TQ-T, previously
reported for ambipolar organic field-effect transistors,*?l and
either one of the small molecule non-fullerene acceptors IEICO-
4F and Y6. The chemical structures, their absorption profiles,
and energy levels are depicted in Figure 1. The HOMO levels
were obtained from photoelectron spectroscopy in air meas-
urements (Figure S1, Supporting Information), while LUMO
levels were calculated as LUMO = HOMO + E,. We selected
[EICO-4F and Y6 as electron acceptors for their complemen-
tary absorption (Figure 1b) with TQ-T and energy alignments
(Figure 1c) that allow sufficient energetic offset for exciton sepa-
ration. We fabricated OPD devices based on an inverted struc-
ture consisting of indium tin oxide (ITO)/ZnO/Active layer/
MoO,/Ag (Figure 1d), with the photoactive layer spin-coated
in N,-controlled environment. We first analyzed the photode-
tection ability of TQ-T:IEICO-4F and TQ-T:Y6 blends by meas-
uring device current density—voltage (J-V) characteristics under
1 sun illumination (AM1.5G) and dark conditions (Figure 2a).
For real-world applications, low dark currents (J,) at —2 V are
desired in order to maximize the ratio between the light current
(/1) and J. TQ-T:IEICO-4F and TQ-T:Y6 delivered J; at -2 V of
8.4x 1073 mA cm™ and 4.3 X 1072 mA cm™2, respectively. As will
be described later, the lower J; in TQ-T:IEICO-4F is related to a
superior charge extraction and reduced charge recombination
than Y6-based blends. It is worth mentioning that the relatively
high J, reported for these ultralow E, blends can be related to a
non-ohmic contact between the HOMO of the donor polymer
and the hole-transporting layer used and the intrinsic recombi-
nation losses associated with the NIR-based OPD.!

For efficient detection of light, in addition to low J; high
light-to-current conversion is required. For this reason, we
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Figure 1. a) Chemical structures of TQ-T, IEICO-4F, and Y6; b) normalized absorbance of the neat materials; c) molecular energy levels of the materials;
d) schematic of the BH) donor-acceptor device structure with inverted architecture.

measured the responsivity (R) of TQ-T-based blends. Figure 2b
shows the R plots of TQ-T:IEICO-4F and TQ-T:Y6 blends at
-2 V. The external quantum efficiency plots are reported in
Figure S2 (Supporting Information). Interestingly, both devices
exhibited similar R values of 0.09-0.11 A W' at 900 nm, which
reflects the similar light conversion associated with the NFAs
used. Notably, the absorption of the NFA is stronger than the
polymer in both 1:1 blends (Figures S3 and S4, Supporting
Information) due to the high optical constants of the NFAs
as observed by Meredith and co-workers.[?”) This efficient har-
vesting in the acceptor region translates to higher responsivity
compared to the donor region.

In the polymer absorption region above 1000 nm, we observed
a broad photoresponse in 1000-1800 nm range for TQ-T:IEICO-
4F with a maximum R of 0.03 A W' at 1200 nm, while TQ-T:Y6
blends showed lower R values (0.01 A W) in the NIR region.
The different ability to convert infrared light into the current is
not related to the energetic driving force for exciton dissociation
since a large offset between the frontier energy alighment is pre-
sent in the two blends. As described later, the greater R values in
TQ-T:IEICO-4F blends are due to a combination of finer micro-
structure and reduced charge recombination.

One of the key metrics to compare different photodetector
technologies is the specific detectivity. D* takes into account
both the signal stability and the photodetection ability, identi-
fied by the noise current (i,) and responsivity, respectively, as
described by Equation (1).

where A is the photodetector active area and Af is the meas-
urement system bandwidth. The noise current (i,) is calculated
according to Equation (2), where g is the elementary charge, i,
is the dark current, k is the Boltzmann constant, T is the tem-
perature, and R, is the shunt resistance.
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Figure S5 (Supporting Information) shows the fast Fourier
transform of the dark current. The noise floor was reached for
both OPDs at a frequency as low as 0.1 Hz, suggesting that
for frequencies above 0.1 Hz the flicker noise is negligible.
Figure 2c shows the D* as a function of wavelength at -2 V
for TQ-T:IEICO-4F and TQ-T:Y6 devices. Due to the extended
responsivity and lower i,, TQ-T:IEICO-4F OPD devices deliv-
ered D* of 10°-10' Jones in the UV-Vis—-NIR range, while
TQ-T:Y6 shows D* of 107-10® Jones across the NIR region
(1000-1800 nm). The D* values obtained for TQ-T:IEICO-4F
blends are promising for applications that require NIR detec-
tion, i.e., night cameras and oximeter sensors. Considering only
the dark current contribution to the output signal of OPDs has
been observed to lead to significant overestimations in noise
equivalent power and D*.*I In fact, the D* values determined
using this approximation are overestimated, with D* values
approaching 10" Jones being calculated for the TQ-T:IEICO-
4F-based OPD. These values for D* are presented in Figure S6
(Supporting Information).

These applications require, in addition to efficient light-to-
current conversion, high contrast and fast response speed. For
this reason, we measured the light dynamic range (LDR) of the
devices, defined as the ratio between the photocurrent (J,, =
Ji = Ja where J; and J; are the current densities under light and
dark conditions, respectively) at high (j.,) and low (jnm) light
intensities, according to LDR = 2010g (jax/jmin), See Figure S7
(Supporting Information).

Figure 3a depicts the LDR plots for IEICO-4F and Y6-based
blends extracted under AM1.5G illumination. A linear trend of
Jpn versus light intensity is observed down to illumination levels
of 0.1 mW cm™ for TQ-T:IEICO-4F and 1 mW cm™2 for TQ-T:Y6
OPD devices. We then calculated LDR values at =2 V of 45.8 dB
and 35.7 dB for TQ-T:IEICO-4F and TQ-T:Y6, respectively, in

© 2022 The Authors. Small published by Wiley-VCH GmbH.

85U8017 SUOWIWIOD BAIIER.ID) 8|qeot|dde auy Aq pausenoh ae Sspie YO ‘88N J0 S8jni 1oy Ariq1T 8UIIUO AB|IAN UO (SUORIPUOD-PUB-SWLBH WD A8 | 1M AeIq 1 U1 [UO//:SANY) SUOIIPUOD pue WS | 38U} 88S *[£202/90/22] Uo AriqiTauliuo AB|IM ‘(H-HN) UIpUS S8y 91Ls|RH (BN AQ 085002202 |IWS/Z00T OT/I0P/Wo0" A3 1M AReid jpuluoy/:sdiy woj pepeojumod ‘ST ‘2202 ‘6289€TIT



ADVANCED
SCIENCE NEWS

Sl

www.advancedsciencenews.com

1Y

— 104 T T T T
DA - - TQT-T:IEICO-4F light
g ] —— TQT-T:IEICO-4F dark 3
< 10?4 - - TQT-T:Y6 light 1
£ 10" — TQT-T:Y6 dark P
=, 10°4
-
‘» 1074
C
8 1072
— 1034
C
© 1074
E
S 1004
O 10_6 T T T T
20 15 10 -05 0.0 0.5
Voltage (V)
b 0.12 T T T T T T
0.101 - - TQ-TY6-1V 1
—— TQ-T:Y6 -2V
~—~0.08- - = TQ-TIEICO-4F -1V
'; —— TQ-TIEICO-4F -2V
< 0061
0’ 0.04-
0.02 -
0.00 . . . = .
400 600 800 1000 1200 1400 1600 1800
Wavelength (nm)
c T T T T T T
1010_
B 10°;
C
o
= e
x« 10°y ——TQ-T:Y6-1V
0 - - TQ-T:Y6-2V
.1 —— TQTIEICO-4F -1V
107y - - TQTIEICO4F 2v \
1
106

400 600 800 1000 1200 1400 1600 1800
Wavelength (nm)

Figure 2. a) Current—voltage characteristics of TQ-T:IECO-4F and TQ-T:Y6
OPD devices under dark and AM1.5G illumination. b) Responsivity and
c) specific detectivity of OPD devices under negative bias applied.

agreement with the superior OPD metrics of TQ-T:IEICO-
4F reported above. In line with the superior light-harvesting
capability of IEICO-4F-based devices, the illumination of OPD
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devices with infrared light (940 nm) results in a similar LDR of
43.9 dB with AM1.5G illumination, while for TQ-T:Y6 devices the
LDR in the infrared drop to 14.2 dB (Figure 3b). At 1100 nm illu-
mination, TQ-T:Y6 devices did not allow any dynamic range, in
line with the poor R values in the infrared region, together with
the high J; of the devices (Figure 3c), whereas TQ-T:IEICO-4F
delivered an LDR value of 10.3 dB.

The cut-off frequency of OPDs is defined as the photore-
sponse drop of 1/¥2 of the maximum photocurrent intensity,
known as —3 dB limit and calculated according to Equation (3),
where i, is the maximum photocurrent intensity and ifq is
the photocurrent intensity for a specific frequency of incident
light.

Damping (dB) = —ZOlog(:mi) (3)
freq

It is generally accepted that for video applications a cut-off
frequency of 10 kHz is sufficient* As shown in Figure 3c,
both devices show fast response speeds, with values of 90 and
100 kHz for TQ-T:Y6 and TQ-T:IEICO-4F OPDs, respectively,
and therefore fulfil the requirement for video applications.
The faster response for IEICO-4F-based blends can be related
to the reduced charge recombination and better charge extrac-
tion properties. To prove that, we studied the rise and fall times
of OPDs by illuminating the devices with a square-wave pulse
of 940 nm laser diode. Figure 3d shows the rise time for the
two OPDs at an applied bias of -2 V. Notably, TQ-T:IEICO-4F
depicts a faster rise time of 6.6 us compared with 72 us for
the TQ-T:Y6 devices. The fall times are also showing the same
trend and are 7.3 and 8.3 us for TQ-T:IEICO-4F and TQ-T:Y6
OPDs, respectively. The transients measurements show that
the superior performances of TQ-T:IEICO-4F are related to
reduced charge recombination and improved transport proper-
ties compared to TQ-T:Y6 devices.

So far, we have investigated pus-ms charge transport and
extraction processes in TQ-T-based devices. To find the origin
of different spectral responsivity of two blends, we conducted
transient absorption spectroscopy (TAS) to address the early
stages of photon-to-charge conversion.

Given the energetics of these two systems and the ultra-
narrow bandgap of the polymer, we expect the polymer singlet
exciton energy to be Eejion = 0.65 €V and the charge transfer
states (CT) emerging from donor excitation to be Ecr = 0.51 eV.
As such, we were not able to observe these species using the
infrared broadband probe, which tails off at 1600 nm. There-
fore, we turned to a visible broadband probe to investigate the
exciton/charge dynamics of the pristine materials and the two
blends. Figure 4 depicts the transient spectra of the two blends
TQ-T:IEICO-4F and TQ-T:Y6, following the selective excitation
of the TQ-T polymer with an infrared pump at 1500 nm. In
Figure 4a,c, broad photoinduced absorption peaks are observed
around 530 and 630 nm in both IEICO-4F and Y6 blends and are
assigned to the donor exciton, according to the reference spectra
of the neat donor and acceptor materials (Figures S8-S10,
Supporting Information). Both blends also exhibit a bleach
feature =750 and 730 nm for IEICO-4F and Y6 blends, respec-
tively, which are assigned to the acceptor molecules in accord-
ance with the transient and steady-state absorption spectra of

© 2022 The Authors. Small published by Wiley-VCH GmbH.
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Figure 3. a) Light dynamic range at —2 V for TQ-T:IEICO-4F and TQ-T:Y6 under AM1.5G and b) IR illumination. c) Cut-off frequency and d) transient

photocurrent measurements at -2 V for TQ-T-based OPD.

IEICO-4F and Y6. We assign these features to the ground state
bleach (GSB) of the acceptors, which may be a consequence
of the exciton or electron residing on the IEICO-4F/Y6 small

molecules. For both blends, normalized kinetics of the shaded
regions were averaged to maximize the signal to noise ratio
and presented in Figure 4b,d. It is apparent from the shaded
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Figure 4. a) Transient absorption spectra of the TQ-T:IEICO-4F and c) TQ-T:Y6 blends at various pump-probe delay times and corresponding normal-
ized kinetics (b, d) following the selective donor polymer excitation with a 1500 nm pump at 2 uj cm=2.
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Figure 5. TEM images of a) TQ-T:IEICO-4F and b) TQ-T:Y6 blends. 2D GIWAXS patterns of c) TQ-T, d) IEICO-4F, e) TQ-T:IEICO-4F, f) Y6, and
g) TQ-T:Y6. h) In-plane scattering profiles integrated from the 2D-GIWAXS patterns.

regions in the spectra that the temporal evolution of the TA sig-
nals differs for the photoinduced absorption exciton features
around 630 nm and the negative signal at 725 nm for IEICO-4F
blend and 675 nm for Y6 blend. Both negative signals exhibit a
growth, which is attributed to charge carrier formation. Kinetic
fitting at these wavelengths revealed lifetimes of 3 ps for TQ-
T:IEICO-4F blend and 7 ps for TQ-T:Y6 blend. Although faster
electron transfer may be expected in the TQ-T:IEICO-4F blend
due to a larger energetic offset in the LUMO levels compared
to the Y6 blend, low driving energy in polymer-NFA systems
has been shown to not limit intrinsic charge transfer rates, that
remain within hundred femtoseconds.*!

To investigate whether the differences in device performance
and photophysical processes have a microstructural origin,
we performed transmission electron microscopy (TEM) inves-
tigations of the active layer films. Figure 5a,b shows the TEM
bright-field images of TQ-T:IEICO-4F and TQ-T:Y6 blends,
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respectively. Due to the similar carbon content in donor and
acceptor materials is not possible to discern the two compo-
nents from the images; however, it is clear that TQ-T:IEICO-
4F depicts a finer morphology than TQ-T:Y6. A good inter-
mixing of donor-acceptor materials generally leads to efficient
exciton separation, whereas large D-A domains are associated
with high exciton recombination.*! The better intermixing
of TQ-T:IEICO-4F compared to TQ-T:Y6 is also evident in the
topography images obtained from atomic force microscopy
(AFM) depicted in Figure S1la,b (Supporting Information). In
addition, we calculated a root mean square (RMS) of 0.58 and
8.02 nm for TQ-T:IEICO-4F and TQ-T:Y6, respectively, which
corroborates with the reduced charge recombination of IEICO-
4F-based OPDs. Therefore, in line with the TAS analyses and
the OPD’s figures of merit, the smaller domains observed in
TQ-T:IEICO-4F are responsible for the superior performance
of the devices. To further probe the structural properties of
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Figure 6. a) Finger photoplethysmography setup with a direct current read-

ambient light using b) 880 nm and c) 1050 nm LEDs and OPDs.

our blend systems, we performed grazing-incidence wide-
angle X-ray scattering (GIWAXS). Figure 5c—g shows the 2D
GIWAXS patterns and the corresponding profiles along the in-
plane direction (Figure 5h) for the neat materials and blends.
While TQ-T and Y6 patterns show few and diffuse diffractions,
suggesting the formation of a semi-crystalline microstructure
with a low degree of structural order, IEICO-4F films exhibit
high crystallinity, as it can be clearly deduced from their mul-
tiple, sharp diffractions. Such remarkable crystal quality is how-
ever considerably hampered when blended with TQ-T, despite
a clear diffraction at low g, peaking around 3.1 nm™, associated
with the NFA still clearly visible in the TQ-T:IEICO-4F blend,
besides another diffraction at lower angles associated to the
polymer. TQ-T:Y6 blends show GIWAXS patterns exhibiting a
peak in the low-g-region, probably associated with diffractions
from both TQ-T and Y6, besides broad peaks in the high-g-re-
gion. Hence, TQ-T:IEICO-4F and TQ-T:Y6 exhibit a rather sim-
ilar microstructure.

Therefore, the observed 3 and 7 ps charge generation time-
scales from TAS can be attributed to morphological differ-
ences, rather than to changes in crystal quality between the two
blends. The charge transfer in the TQ-T:Y6 blend is impeded
by the large aggregate domains exceeding exciton diffusion
length, while the TQ-T:IEICO-4F blend has smaller, more even
domains, making it less susceptible to exciton recombination
(Figure 6).

Finally, we demonstrate a practical application of the two
NIR devices as biometric heart rate sensors using a technique
known as photoplethysmography. This non-invasive optical
technique typically comprises a light-emitting diode and an
optoelectronic sensor, located on either side of a finger or
another extremity. With blood pulsating through the capillaries,
volumetric changes in the blood are detected as changes in
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out; photoplethysmograms taken under normal (resting) conditions and

transmittance to the infrared light, and thereby as changes in
photocurrent response of the OPD. By placing a finger between
the OPD and NIR LED, the resting heart rate was measured
using both TQ-T systems under 880 and 1050 nm illumina-
tion. Real-time current readouts for each device are presented.
At 880 nm both OPD systems the two sensors performance is
comparable and average AT (Iygotic = ldiastolic) iS greater in the
case of TQ-T:Y6, while the TQ-T:IEICO-4F device outperforms
the TQ-T:Y6 one at 1050 nm (Table S1, Supporting Informa-
tion). The signal resolution is significantly enhanced with TQ-
T:IEICO-4F. This is unsurprising given the higher detectivity
of this device beyond 1000 nm, which makes TQ-T:IEICO-4F a
better candidate for IR detection with deeper tissue penetration.

Superior signal resolution is important not only for accurate
heart rate evaluation, but also for potential uses as blood pres-
sure monitors. For a given heart rate, the increasing amplitude
of AI can act as a marker of elevated blood pressure on the
capillaries. In addition, the HR before and after exercise was
recorded using the 880 nm light and TQ-T:IEICO-4F device to
reveal HR corresponding to 80 and 120 bpm (Figure S12, Sup-
porting Information). In line with the high damping calculated
for TQ-T-based OPDs, there is no limitation for the fast heart
rate monitoring during strenuous exercise.

3. Conclusion

In conclusion, we fabricated organic photodetectors with
UV-vis—NIR light-to-current conversion. Two novel blends
comprising an ultralow bandgap polymer TQ-T and one of
the two non-fullerene acceptors IEICO-4F or Y6 are reported.
TQ-T:IEICO-4F featured a J; of 8.4 X 10° mA cm™ at -2 V
and together with R of 0.03 A W' at 1200 nm delivered D* of

© 2022 The Authors. Small published by Wiley-VCH GmbH.
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10°-10'° Jones in the 350-1800 nm region. In contrast, TQ-T:Y6
showed lower J; (4.3 x 107> mA cm™) and R of 0.01 A W' at
1200 nm, which results in D* of 10’-10® Jones across the
NIR region (1000-1800 nm). The lower J; in TQ-T:IEICO-4F
extended the LDR to 46 and 44 dB compared to Y6-based devices
(36 and 14 dB) under AM1.5G and IR illumination, respectively.
We found that a finer intermixing of the TQ-T with IEICO-4F
allows faster charge separation, rise and fall times as well as
OPD response speed than in TQ-T:Y6 blends, the latter limited
by severe phase segregation. Finally, we prototyped a biometric
heart rate sensor based on the two OPDs and found enhanced
signal resolution in TQ-T:IEICO-4F due to the higher D* in the
NIR region. Extending the light-to-current conversion beyond
commercially viable Si-PD with NIR OPDs can propel the
development of organic photodiodes not only for the Internet of
Things market, but also contribute to health-monitoring.

4. Experimental Section

Materials: TQ-T was synthesized, details provided in the Supporting
Information. The NFAs IEICO-4F and Y6 were purchased from 1-Material.

Photoelectron Spectroscopy in Air Measurements: PESA was recorded
using a Riken Keiki PESA spectrometer (Model AC-2) with a power
setting of 10 nW and a power number of 0.33. Samples for PESA were
prepared on glass substrates.

Steady-State Absorption Spectroscopy: Absorption spectra were
acquired on a Carry 5000 UV-vis—NIR spectrophotometer by Agilent
Technologies.

Photodetector Fabrication: Organic photodiodes were fabricated in an
inverted architecture of ITO/ZnO(30 nm)/Active Layer (120 nm)/MoO,
(10 nm)/Ag(100 nm). Glass substrates pre-patterned with indium tin
oxide (ITO) were cleaned by sequential sonication in acetone, deionised
water, Decon 90 detergent, deionised water and propan-2-ol each for
10 min. Following this, an 8-min oxygen plasma treatment was
performed. Zinc oxide (ZnO) precursor solution was prepared
from zinc acetate dihydrate (219.5 mg), ethanolamine (60 uL), and
2-methoxyethanol (2 mL). This ZnO precursor solution was filtered
through a 0.45 um Acrodisc filter, spin-coated onto the plasma-treated
substrates at 4000 rpm for 40 s, and annealed at 150 °C for 20 min. The
TQ-T:Y6 (1:1) and TQ-T:IEICO-4F (1:1) were dissolved in chlorobenzene
solution with a total concentration of 20 mg mL™" and stirred overnight
at 60 °C in a glove box. The active layers were deposited by spin coating
at 2000 rpm for 40 s in inert conditions and then annealed at 100 °C for
10 min in the glove box. Molybdenum oxide (MoO,) (10 nm) and silver
(Ag) (100 nm) were then deposited by evaporation through a shadow
mask giving photodiodes with pixel areas of 0.045 cm?.

J-V Measurements: J-V characteristics were measured using Keithley
4200 Source-Measure unit. An Oriel Instruments Solar Simulator with
a Xenon lamp and calibrated to a silicon reference cell was used to
provide AM1.5G irradiance. For determination of the Linear Dynamic
Range (LDR) this light was attenuated using a selection of neutral
density filters placed between the lamp and OPD. For IR measurements
940 and 1100 nm LED were used. The photocurrent (J,;) was calculated
as the difference in response between the illuminated current density
(Jlight) and dark current density (J4) at each light intensity.

Responsivity: Responsivity was measured using an integrated system
from Quantum Design PV300. All the devices were tested in ambient air.

Dynamic Measurements: Dynamic measurements were performed using
a digital oscilloscope (Siglent SDS 1204X-E). The OPDs were illuminated
with a neutral white light LED driven by a function generator (ThorLabs
DC2200). For determination of the rise and fall time, a 2 kHz square
wave pulse was applied to the LED using the function generator. For
determination of the cut-off frequency sinusoidal functions with varying
frequencies between 20 Hz and 100 kHz were used to drive the LED.
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Transient  Absorption  Spectroscopy: A broadband femtosecond
transient absorption spectrometer Helios (Spectra-Physics, Newport
Corp.) was used for pump-probe measurements on the neat polymer
and acceptor films and their blends. A 1 kHz Ti:Sapphire regenerative
amplifier (Solstice, Spectra-Physics, Newport Corp.) delivered ultrafast
laser pulses (800 nm, <100 fs FWHM) to an optical parametric amplifier
(TOPAS Prime, Spectra-Physics) and a frequency mixer (Niruvis, Light
Conversion) to generate pump pulses at 850 and 1500 nm, which
were modulated at 500 Hz by an optical chopper system (Thorlabs).
Eight hundred nanometer seed pulses were also delayed on the
6 ns mechanical delay stage and passed through a sapphire crystal
to produce a white light probe (400-900 nm). Spatial and temporal
overlap of focused pump and probe beams was achieved on the thin
film samples, contained in a quartz cuvette under a constant flow of
nitrogen. The fluences were calculated based on the probe beam size of
0.5 mm? at the sample. Background and chirp corrections were applied
to the spectra post-measurement using the Surface Xplorer software.

Photoplethysmography: Photoplethysmography measurements
(Figure S13, Supporting Information) were performed by directly
connecting the OPD devices to a Keithley 4200 Source-Measure unit
and recording the current as a function of time upon illumination with
different LEDs driven by a function generator (ThorLabs DC2200).

Grazing Incidence Wide Angle Scattering Measurements: Grazing
incidence wide angle scattering (GIWAXS) measurements were
performed at the non-crystalline diffraction beamline (BL11-NCD-
Sweet) at ALBA Synchrotron Radiation Facility in Barcelona (Spain).
A detector (Rayonix, WAXS LX255-HS) with a resolution of 1920 x
5760 pixels was used to collect the scattering signals. The sample holder
position was calibrated with the chromium oxide (Cr,03) standard. The
incident energy was 12.4 eV and the sample-to-detector distance was set
at 200.93 mm. The angle of incidence o; was set between 0.1 and 0.15
and the exposure time was 5 s. 2D-GIWAXS patterns were corrected as a
function of the components of the scattering vector with a Matlab script
developed by Aurora Nogales and Edgar Gutiérrez. Thin films were cast
onto highly doped silicon substrates following the same processing
route used for the device fabrication.

Transmission Electron Microscopy: The active layers for the TEM
investigations were prepared as plan-view specimens. For this purpose,
active-layer films were deposited on PEDOT:PSS (50-100 nm) coated
glass using spin-coating. To float off the active layer, the sample was
put into a vessel with distilled water, where PEDOT:PSS dissolved,
and the active layer was transferred to a Cu TEM supporting grid. The
TEM investigations were performed using an FEI instrument at 300 kV
accelerating voltage.

Atomic Force Microscopy: AFM images were obtained with an Agilent
AFM 5500 setup in tapping mode using Tap300AI-G silicon AFM probes
from BudgetSensors and were processed with the PicoView 1.5 software.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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