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Near infrared (NIR) acceptors are the key components for the construction of efficient organic photovoltaics
(OPVs) and organic photodetectors (OPDs). Herein, a near-infrared acceptor named 6TSe-OFIC incorporating
selenium heterocycles has been designed, which shows an absorption onset around 1000 nm with a low optical
bandgap of 1.29 eV. OPV device based on PCE10: 6TSe-OFIC demonstrates a power conversion efficiency (PCE)
of 13.18% with a high and broad EQE response. The semi-transparent OPV device based on PCE10: 6TSe-OFIC

shows a PCE of 10.06% with AVT 20%. With the same active layer, the OPD devices achieve the responsivities of
0.54 A W~! at ~850 nm. The results highlight the opportunities to careful design of the NIR molecules for

efficient OPVs and OPDs.

1. Introduction

Organic semiconductor materials with the near-infrared (NIR) ab-
sorptions are of critical importance in organic electronic devices such as
organic photovoltaics (OPVs), organic photodetectors (OPDs) and etc.
The state-of-the-art OPVs have achieved the impressive efficiencies over
18% mainly thanks to the invention of new active layer materials
especially non fullerene acceptors (NFAs) with broad absorptions up to
near-infrared range [1-9]. Meanwhile, with the similar device structure
and working principles, NIR OPDs have demonstrated great potentials in
health monitoring, artificial vision, optical communication networks
and etc [10-12]. Clearly, NIR acceptors are the key component materials
for constructing efficient OPVs and OPDs with the bulk heterojunction
structure. In the past decade, enormous attentions have been drawn on
the design of NFAs, especially those with the acceptor-donor-acceptor
(A-D-A) architectures [13-17]. The physical properties of A-D-A type
molecules such as absorption, energy levels and etc. Can be finely tuned
via the chemical structure modulation of the central core, side chains or
end groups. Indeed, the strategy of A-D-A architecture has given great
opportunities and made much success for the molecule design and cor-
responding molecular property tuning [18-23]. However, most of
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reported efficient NIR acceptors including the wide studied Y6 de-
rivatives show the absorption edge around 930 nm [1,6,24-28]. It is still
high desirable to develop efficient NIR acceptors with absorption region
extended to longer wavelength. Among the strategies for design NIR
molecules, incorporating selenium in the molecule backbone has proved
to be an effective way. Compared with sulfur atom, selenium atom has
the larger atom radius, more polarized and delocalized electron clouds
[29-38]. Thus, the strong intermolecular interactions are expected,
which facilitates the molecular packing and reduces the molecular band
gap.

In this work, we report a NIR acceptor named 6TSe-OFIC (Fig. 1a),
which is designed based on the acceptor 6T-OFIC we previously re-
ported. After introducing Se in the backbone, 6TSe-OFIC shows clearly
redshifted film absorption with onset around 1000 nm compared with
that of 6T-OFIC. The photovoltaic devices based on PCE10: 6TSe-OFIC
shows a PCE of 13.18%, which among the best results of NIR accep-
tors with absorption edge of 1000 nm. Besides, the semitransparent OPV
devices based on PCE10: 6TSe-OFIC delivered a PCE of 10.06% with
average visible transmittance (AVT) of 20.5%. Moreover, the OPDs
based on the PCE10: 6TSe-OFIC gave a high responsivity of 0.55 A W~}
(850 nm) under zero bias, with a low dark current density (Jq) of 0.64
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Fig. 1. (a) Chemical structures of 6T-OFIC and 6TSe-OFIC. (b) UV-vis absorption spectra of 6T-OFIC and 6TSe-OFIC. (c) Energy levels of PCE10, 6T-OFIC and
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Table 1
The optical and electrochemical properties of 6TSe-OFIC and 6T-OFIC.
Comp. AL Afilm HOMO LUMO Afilm EgM
(nm) (nm) (eV) (eV) (nm) (eV)
6T-OFIC 780 835 —5.47 —3.89 946 1.31
6TSe- 802 856 —-5.43 -3.87 960 1.29
OFIC

nA cm ™2 and a good shot-noise limited specific detectivity Dsh* of over
10'2 from 400 to 960 nm with a peak of 3.77 x 10'? jones at 850 nm,
which is among the high efficiency self-powered OPDs and close to that
of commercial silicon detectors.

2. Result and discussion
2.1. Property of material and device performance

The synthesis of 6TSe-OFIC is conducted with the similar procedure
of 6T-OFIC we have previously reported [39]. The detailed synthesis
procedures and characterization are provided in the supporting infor-
mation. The UV-vis absorption spectra of 6TSe-OFIC and 6T-OFIC are
shown in Fig. 1b. Clearly, with incorporating Se, 6TSe-OFIC demon-
strates redshifted absorptions in solution and solid film compared with
6T-OFIC. In chloroform solution, 6TSe-OFIC shows the maximum ab-
sorption (Amax) peak located at 802 nm. In solid film, it redshifts by 54
nm with A at 856 nm. In contrast, 6T-OFIC shows Apmay of 780 nm in
CF solution and 835 in solid film. The optical bandgaps (Eg”") of 6T-OFIC
and 6TSe-OFIC calculated from their thin-film absorption edge are 1.31
and 1.29 eV, corresponding to Aopser Of 946 and 960 nm, respectively.
The energy levels of the two molecules were investigated by
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Fig. 2. (a) Device architecture of the two blends. (b) J-V and ¢) EQE curve for the optimized device. (d) Jph versus Veff characteristics. (e) Jsc and f) Voc versus light

intensity of the optimized devices.
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Table 2
The optimal photovoltaic parameters of PCE10:6T-OFIC and PCE10:6TSe-
—OFIC-based devices under AM 1.5G Illumination (100 mW cm™2).
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Table 3
Summary of photovoltaic parameters of PCE10:6TSe-OFIC based ST-OPVs under
AM 1.5 G irradiation (100 mW cm™2).

Active layer Voc (V) Jse (mA/ FF (%) PCE (%)" Ag thickness Voc Jse (mA/ FF PCE AVT LUE
em?) (nm) W) em?) (%) (%) (%)

PCE10:6T-OFIC 0.701 26.35 66.90 12.37 10 0.662 19.94 58.67 7.82 21.6 1.69
(0.696 + (26.53 + (66.32 + (12.25 + 15 0.673 21.70 68.27 10.06 20.5 2.06
0.004) 0.38) 0.72) 0.27) 20 0.675 24.85 70.50 11.93 12.7 1.52

PCE10:6TSe- 0.676 27.67 70.27 13.18

OFIC (0.673 + (27.68 + (69.84 + (13.04 +

0.004) 0.35) 0.67) 0.19) and 3.06 x 107%/1.91 x 107* em™2 V! s7! for the blend of

@ Statistical and optimal results are listed outside of parentheses and in pa-
rentheses, respectively, and the average parameters were calculated from 10
independent cells.

electrochemical cyclic voltammetry (CV). From the onset reduction and
oxidation potentials of the CV curves, the highest occupied molecular
orbital (HOMO) level and the lowest unoccupied molecular orbit
(LUMO) energy levels were estimated to be —5.43 and —3.87 eV for
6TSe-OFIC, —5.47 and —3.89 eV for 6T-OFIC (Fig. lc, Table 1).
Compared with 6 T-OFIC, 6TSe-OFIC has the lower HOMO level and
thus slightly reduced bandgap.

The OPV devices with the inverted structure of indium tin oxide
(ITO)/ZnO/PFN-Br/active layers/MoOx/Ag (Fig. 2a) were fabricated to
evaluate the photovoltaic performance of the NIR acceptor 6TSe-OFIC
together with 6TSe-OFIC for comparison. The low bandgap polymer
PCE10 was selected as donor owing to its matched energy levels with the
two NIR acceptors. The details of device fabrication are presented in the
supporting information. The current density-voltage (J-V) curves of the
optimized devices are illustrated in Fig. 2b and the corresponding
photovoltaic parameters are listed in Table 2. The optimal device of
PCE10:6T-OFIC showed a PCE of 12.37% with a Voc of 0.701 V, a Jsc of
26.35 mA cm 2 and a FF of 66.90%. In contrast, the device of
PCE10:6TSe-OFIC achieved a PCE of 13.18%, which was mainly
attributed to the enhanced Jsc of 27.67 mA cm ™2 and FF of 70.27%. The
external quantum efficiency (EQE) curve of the two devices are illus-
trated in Fig. 2c. The two devices all featured the high photon response
with wide range, especially for that of 6TSe-OFIC with EQE responding
range from 300 to around 1000 nm. The integrated Jsc from the EQE
curves are 25.22 and 26.47 mA cm ™2 for the 6T-OFIC and 6TSe-
—~OFIC-based devices, respectively, which agree well with the Jsc
measured in the J-V curves. In addition, the initial stability of the two
devices were measured in the glove box in Ar without encapsulation. As
shown in Fig. S4, the two devices retained 90% of their initial effi-
ciencies after 200 h with thermal treatment under 65 °C or without
thermal treatment, demonstrating the good thermal and storage
stabilities.

The properties of the charge transport, exciton dissociation and
charge generation of the two devices were investigated. The charge
mobilities of the two blend films were studied using the space-charge-
limited current (SCLC) method [40]. As summarized in Table S1, the
electron/hole mobilities were calculated to be 4.40 x 1074/0.77 x 104

PCE10:6T-OFIC and PCE10:6TSe-OFIC, respectively. The blend of
PCE10:6TSe-OFIC showed higher electron mobility and more balanced
electron/hole ratio of 1.60, which are beneficial to promote charge
transport and contribute to the higher FF and Js, of the
PCE10:6TSe-OFIC based devices. Furtherly, in order to investigate the
exciton dissociation and charge generation properties, the dependence
of photocurrent density (Jpn) versus effective voltage (Veg) were
measured for the two devices (Fig. 2d). The exciton dissociation prob-
ability (Pgiss), calculated from Jy, under the short-circuit condition
divided by the saturated photocurrent density (Jsot) [41], were 96.71
and 94.65% for 6TSe-OFIC and 6T-OFIC based devices, respectively,
demonstrating higher efficient exciton dissociation for the 6TSe-OFIC
based device. To study the behaviour of charge recombination of the
two devices, the plots of light-intensity dependence (P) of Js. (Jsc o P%,
where the exponent of o being close to 1 reflects a weak bimolecular
recombination [42-46]) were measured to be 0.951 and 0.948 for
6TSe-OFIC and 6T-OFIC based devices (Fig. 2e), respectively, indicating
that bimolecular recombination is effectively suppressed, especially for
6TSe-OFIC based devices. Fig. 3f shows the relationship between the
light intensity and V.. The slope was calculated to be 1.264kT/q and
1.258kT/q for PCE10:6T-OFIC and PCE10:6TSe-OFIC, respectively,
indicating that two devices both have less trap-assisted recombination
losses. In addition, the carrier lifetime of the two devices were measured
using the transient photovoltage (TPV) technique. As shown in Fig. S5,
the PCE10:6TSe-OFIC device has longer carrier lifetime (46ps) than that
of the PCE10:6T-OFIC device (37ps), indicating the efficient suppression
of bimolecular recombination for the 6TSe-OFIC based device.

Atomic force microscopy (AFM) and grazing incidence wide-angle X-
ray scattering (GIWAXS) were used to investigated the morphologies of
the two acceptors blend film. As illustrated in Fig. S1, the two blend
films all showed smooth surfaces morphologies with fibrillar networks.
The root-mean-square roughness (Rq) values are 0.85 nm and 1.12 nm
for 6TSe-OFIC and 6T-OFIC based blend films, respectively. From the
GIWAXS (Fig. S2), the 6T-OFIC and 6TSe-OFIC blend films all show the
clear lamellar stacking peak in the out of plane (OOP) direction, indi-
cating the face-on dominant orientation. Compared with 6T-OFIC, 6TSe-
OFIC neat film shows the intense -t stacking with distance of 3.70 A,
demonstrating that incorporating Se favors the intermolecular packing.
In the blend films, the CCL of the PCE10:6TSe-OFIC film is 28.4 A similar
to that of the PCE10:6T-OFIC film (28.5 A).
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Fig. 3. (a) J-V curve of PCE10:6TSe-OFIC based ST-OPV with 15 nm Ag. (b) EQE, transmittance spectrum and (c) Representation of the color coordinates (x, y) of the

ST-OPV under standard D65 illumination light source on the CIE 1931 color space.
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2.2. Semi-transparency OPV

The high efficiency and broad NIR response of the device based on
6TSe-OFIC enable it to be used in semi-transparent OPVs (ST-OPVs). We
fabricated a series of ST-OPVs with different thicknesses of the Ag
electrode with the optimized PCE10: 6TSe-OFIC as the active layer. The
current density-voltage (J-V) curves of the optimized device are illus-
trated in Fig. 3a and the detailed photovoltaic parameters of the ST-
OPVs are listed in Table 3. The devices with Ag electrode thickness of
20 nm, 15 nm and 10 nm showed the PCEs of 11.93%, 10.06% and
7.82%, respectively. The gradually decreased PCEs are attributed to the
reduced light reflection and decreased electrical conductivity of the Ag
layer with reducing the thickness of the Ag electrode. The average
visible transmittance (AVT) was calculated by the equation: AVT=( j‘T
WP)S(AAN)/(JP(A)S(A)dA), where A is the wavelength, T(4) is the
transmission of the device (Fig. 3b), P(4) is the photopic response for
human eyes, and S(4) is the solar photon flux (AM 1.5G), resulting in
AVTs of 12.7%, 20.5% and 21.6% for the three devices with Ag electrode
thickness of 20 nm, 15 nm and 10 nm, respectively. The light utilization
efficiency (LUE), calculated by LUE = PCE x AVT, are 1.52, 2.06 and
1.27 for the devices with 20 nm, 15 nm, and 10 nm Ag electrodes,
respectively. The LUE 2.06 for the 15 nm Ag based device is among the
excellent values of the ST-OPVs without optical modulation. Moreover,
the color coordinates (x, y), correlative color temperature (CCT) and
color rendering index (CRI) on the CIE 1931 chromaticity diagram
(Fig. 3c) were calculated to evaluate the transparency perception of the
15 nm Ag based device. The ST-OPV with 15 nm Ag electrode showed a
CIE color coordinates of (0.244, 0.275), a CCT of 16265K and a good
color rendering property with CRI of 90.4.

2.3. Photodetector performance

Considering the high and broad EQE response of 6TSe-OFIC based
OPV, we examined its function in NIR OPDs. Fig. 4a shows the cur-
rent-voltage (J-V) curve in the dark of the device. The OPDs were
fabricated using the same structure of the solar cell devices. Respon-
sivity (R), the ratio of the photocurrent to the incident light intensity, is
an important parameter to evaluate the response of a photodetector. R is
calculated from the EQE according to the equation: R = EQE x 1/1240,
where 1 is the wavelength of the incident light in nanometer [47].
Fig. 4b depicts the spectral responsivity of the PCE10: 6TSe-OFIC based
devices measured under zero bias. The responsivity of the OPD peaks at
0.54 A W! at 850 nm, which is among the highest responsivity in the
NIR OPDs without additional gain mechanisms [48-56]. In addition, the
dark current density as low as 0.64 nA cm™2 is calculated from the J-V
semi-log plot of the device under dark conditions (Fig. 4a), indicating
the excellent sensitivity of the NIR OPD.

The specific detectivity (D*) depicts the sensitivity of a photode-
tector to weak optical signals. It is given by the following equation.

o _RVAB _RVA
S

where A is the active device area in cm?, B is the bandwidth in Hz, i, is

the noise current in A, and S, is the noise current spectral density in A
Hz /2. The S, can be calculated from the current-voltage characteris-
tics in the dark condition with the assumption that the shot noise is the
main contributor to the total noise. Accordingly, the shot-noise-limited
specific detectivity (Dgy*) can be obtained by the following equation.

. _RVAB R
i V2q0,

where ig, is the shot noise current and q is the elementary charge. Ac-
cording to equation above, Dg,* of 6TSe-OFIC based OPD was calculated
(Fig. 4c). The OPD device demonstrates a Dg,* value of over 102 jones
from 400 to 960 nm with a peak of 3.77 x 10'2 jones at 850 nm. The
photo-response time was measured to be 450 ns under 850 nm infrared
light modulated at 100 kHz (Fig. S6).

3. Conclusion

In summary, we have designed and synthesized a NIR acceptor 6TSe-
OFIC incorporating Se in the molecular backbone, which is one of the
few acceptors with high photo response in the NIR region with the ab-
sorption onset around 1000 nm. The OPV device based on PCE10:6TSe-
OFIC shows a PCE over 13% and a Js. of 27.67 mA cm ™2 with a high and
broad NIR EQE response. The semi-transparent device of PCE10:6TSe-
OFIC achieves a PCE of 10.06% with an AVT over 20%. Moreover, the
self-powered OPD device of PCE10:6TSe-OFIC demonstrates the
responsivities of 0.54 A W™! at ~850 nm, with a low dark current
density of 0.64 nA cm~2 and a shot-noise-limited specific detectivity of
over 10'2 jones from 400 to 960 nm. The results indicate that the careful
structural modification via Se substitution can fine tune the properties of
NFAs and offer more opportunities for NFA design for application in
OPVs and OPDs.
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