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Remarkable Isomer Effect on the Performance of Fully
Non-Fused Non-Fullerene Acceptors in Near-Infrared
Organic Photodetectors

Xiantao Hu, Zhuoran Qiao, Davide Nodari, Qiao He, Jesika Asatryan, Martina Rimmele,
Zhili Chen, Jaime Martín, Nicola Gasparini,* and Martin Heeney*

Two fully non-fused small-molecule acceptors BTIC-1 and BTIC-2 are reported
for application in near-infrared organic photodetectors (NIR OPDs). Both
acceptors contain the same conjugated backbone but differing sidechain
regiochemistry, affording significant differences in their optical properties. The
head-to-head arrangement of BTIC-2 results in a reduction of optical band gap
of 0.17 eV compared to BTIC-1, which contains a head-to-tail arrangement,
with absorption spanning the visible and near-IR regions up to 900 nm. These
differences are rationalized on the basis of non-covalent intramolecular
interactions facilitating a more co-planar conformation for BTIC-2. OPDs
based on PM6:BTIC-2 deliver a low dark current density of 2.4 × 10−7 A cm−2,
leading to a superior specific detectivity of 1.7 × 1011 Jones at 828 nm at -2 V.
The optimized device exhibits an ultrafast photo response of 2.6 μs and a high
-3 dB cut-off frequency of 130 kHz. This work demonstrates that fully
non-fused small-molecule acceptors offer competitive device performance for
NIR OPDs compared to fused-ring electron acceptors, but with reduced
synthetic complexity. Furthermore, the study presents an efficient strategy to
enhance device performance by varying conformational locks.

1. Introduction

Photodetectors (PDs) convert incoming optical signals into elec-
trical signals and are widely used in applications such as
biomedical imaging, environmental monitoring, optical com-
munication, machine vision, etc.[1–4] The current commercial
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photodetector market is dominated by
devices based on inorganic semiconduc-
tors like silicon (Si) and indium gallium
arsenide (InGaAs) due to their excellent
charge-carrier mobility, small exciton bind-
ing energy and high stability.[5,6] Applying
optoelectronic functions onto flexible and
soft surfaces, especially human skin, is at
the forefront of multidisciplinary research.
In particular, with the rapid development of
wearable electronics, the demand for highly
flexible and stretchable PDs, which can be
adhered onto curved surfaces or interfaced
with the human body, is continuously
increasing.[6,7] However, the intrinsic fea-
tures of inorganic semiconductors, such as
the high brittleness and the complicated
manufacturing process, make it expensive
or very complex to meet this demand.[1,8] To
circumvent these limitations, great effort
has been put into developing novel solution-
processable semiconductor materials, in-
cluding colloidal quantum dots (QDs),[7,9,10]

perovskites[11,12] and 2D materials.[13,14]

These materials have demonstrated excellent mechanical flex-
ibility, solution processability, chemical versatility and promis-
ing optoelectronic properties.[15–17] However they also have short-
comings such as the toxic materials contained in QDs and per-
ovskites, limited spectral response and/or poor air stability.[7,18]
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Thus new materials and approaches are required to overcome
these limitations.
In the past decades, organic photodetectors (OPDs) have at-

tracted much interest due to their inherent advantages, includ-
ing detection wavelength tunability, low weight, mechanical flex-
ibility, and large-area processability.[3,19,20] Since the fabrication of
the first OPD in 1981,[21] using small-molecule dyesmerocyanine
and rhodamine B, OPDs based on small molecules and polymers
have entered a period of rapid development. According to the de-
tection wavelength, OPDs can be categorized as ultraviolet (UV)-,
visible-, infrared (IR)-, x-ray- and 𝛾-ray detectors.[16] Recently, near
infrared (NIR) OPDs have drawn attention owing to their poten-
tial application in optical communication, security surveillance,
remote sensing, and medical imaging. The latter application is
driven by the long propagation distance of NIR light with low at-
tenuationwithin biological tissues.[14,18,22–24] Benefitting from the
rapid development of organic photovoltaic materials, the detec-
tion wavelength of OPDs spans the UV–vis-NIR region, with the
response spectrum of NIR OPDs extending to over 900 nm,[25–28]

and in some cases beyond 1000 nm.[25,29–34]

Significant progress in the performance of NIR OPDs have
been achieved in recent years, especial with regard to extending
and flattening the response range through advanced materials
and device engineering.[5,35] However, further improvement in
responsivity (R) and specific detectivity (D*) of NIR OPDs has
been hindered by the poor exciton dissociation efficiency in NIR
materials owing to the high non-radiative recombination at nar-
row band gaps.[22,36] Operating the device with an external neg-
ative bias assists exciton dissociation but in the meantime in-
creases the dark current density (JD) due to increased charge
injection from electrode, especially when the band gap of the
semiconductor material becomes smaller.[15,37,38] In addition, en-
ergetic disorder, active layer morphology and charge recombina-
tion processes have an effect on JD.

[39–41] As a result, the detection
ability of NIR OPDs is limited, as R and D* are significantly de-
pendent on high photocurrent and low dark current densities.[22]

Therefore, suppressing the dark current in NIR OPDs has be-
come a critical issue for their commercialization, and consider-
able effort has been devoted to the simultaneous minimization
of the dark current and the maintenance of high R and D*.[42–44]

Recently the application of non-fullerene acceptors (NFAs) has
attracted increasing interest, as they can reduce the dark current
withminimal loss in theR or EQE.[40,45,46] For instance, Chen and
co-workers reported NIROPDs using four ultra-narrow band gap
NFAs with different side chains as acceptors, and obtained a low
dark current of 8 × 10−11 A at a bias voltage of −0.1 mV and ex-
cellent detectivity of > 2.5 × 1011 Jones at 880 nm. The response
width at -3 dB point frequency reached 11.78 kHz.[25] Würthner
and co-workers demonstrated a NIR OPD based on Ј-type cou-
pled squaraine dye SQ-H, which exhibited a responsivity of 0.1
A W−1 and 4 × 1010 Jones under illumination with 1050 nm at
0 V.[29] Zhu and co-workers constructed a highly sensitive NIR
OPDs based on PM6:PDTTIC-4F and delivered a high respon-
sivity of 0.55 A W−1 (900 nm) and excellent detectivity of over
1013 Jones by suppressing the dark current via modulation of the
film thickness.[30]

It is worth noting that most of the NFAs used in OPDs pos-
sess a fused-ring ladder-type backbone to yield a rigid and pla-
nar conformation.[47] However the synthetic complexity of such

species can be high, which can potentially hinder their large
scale preparation and implementation.[25,38,48] On this basis, var-
ious non-fused small-molecule acceptors (NFSMAs) have been
reported, exploiting non-covalent interactions between adjacent
aromatics or steric hindrance from the side chains to help re-
inforce molecular planarity. The use of convergent synthetic ap-
proaches aides structural tuning and facilitates upscaling. NFS-
MAs have demonstrated excellent photovoltaic performance in
organic photovoltaics (OPVs), with the leading power conversion
efficiency (PCE) approaching ≈15%.[49,50] However OPDs using
NFSMAs have rarely been studied, especially those with NIR
absorption.[18,51] Hence, the design and OPD application of ef-
ficient partially or fully non-fused NIR NFAs is still a challenge.
Based on the above considerations, we designed two non-fused

NFAs which only differ in the regiochemistry of the solubilizing
groups. The molecular design builds on the established accep-
tor (A) -donor (D)-acceptor (A) concept, in which the band gap
of the resulting molecule can be tuned to a first approximation
by the choice of D and A units. We focused on fluorinated 1,1-
dicyanomethylene-3-indanone as the accepting end group due
to its established utility in high performance NFAs.[52–54] For
the donor core, we were interested in a thiophene-phenylene-
thiophene system, due to its synthetic simplicity and the avail-
ability of suitable building blocks. The utility of this core as an
acceptor has been demonstrated in OPV devices exhibiting ex-
cellent stability.[55–56] In order to push the molecular absorption
toward the near-IR we reasoned that mesomerically donating
groups would be required on the donor core to increase its elec-
tron density. We therefore chose to include alkoxy groups on both
the phenylene and the thiophene substituents. As well as their
mesomeric donating effect, they also provide solubility.
Thus, we report the synthesis of two novel fully non-fused

NFAs, named BTIC-1, and BTIC-2, with the same conjugated
backbone but with differing sidechain regiochemistry. This is
shown to result in remarkable differences in their optical prop-
erties, with a reduction in band gap of 0.17 eV for BTIC-2 con-
taining a head-to-head alkoxy linkage, compared to BTIC-1 with
a head-to-tail arrangement. Theoretical calculations revealed that
BTIC-2 has a more planar backbone conformation than BTIC-
1, and thus exhibited a more red-shifted absorption profile up to
900 nm. Bothmaterials were investigated inOPDs. BTIC-2-based
OPDs have a low dark current density of 2.4 × 10−7 A cm−2, lead-
ing to a high specific detectivity of 1.7 × 1011 Jones at 828 nm
under reverse bias of -2 V. The optimized OPD exhibits ultrafast
average rise and fall times of 2.6 and 3.3 μs respectively, and a
high f−3dB of 130 kHz, showing great potential for practical appli-
cation in light-sensing devices. Moreover, the molecular stacking
behavior and morphology were studied, which indicated that the
conformation of the molecular structure together with film mor-
phologies are critical for theOPDdevice performance. To the best
of our knowledge, this work demonstrates the first OPDs using
fully non-fused NFAs.

2. Results and Discussion

2.1. Synthesis and Characterization

The synthetic route to BTIC-1 and BTIC-2 is illustrated in
Scheme 1, and all the detailed experimental procedures are
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Scheme 1. Synthetic route towards BTIC-1 and BTIC-2.

reported in the supporting information (SI). Starting from 3-
methoxythiophene, a branched 2-ethylhexyl sidechain was intro-
duced by p-toluenesulfonic acid catalysed transetherificationwith
2-ethyl-hexanol to afford 1. Treatment of compound 1with freshly
prepared LDA followed by reaction with trimethyltin chloride
gave a mixture of isomers 2a and 2b (m/m = 4:1), as observed
by 1H NMR of the crude product. Attempts to separate the iso-
mers were complicated by the instability of stannyl compounds
to silica gel and alumina, and the fact that the product was an
oil rather than a crystalline compound. Therefore, purification
was performed by preparative recycling GPC with chloroform as
the eluent. Due to the similar molecular shape, separation re-
quired many column passes but eventually afforded 2a and 2b in
yields of 58% and 14% respectively. The isomers were identified
on the basis of chemical shift and coupling constant differences
in their 1H NMR spectra, with the more shielded proton in the
2-position clearly visible in 2a (Figure S3, Supporting Informa-
tion). 3-Alkylated thiophenes can be selectively deprotonated in
the 5-position with bulky bases like LDA,[57] and we ascribe the
reduced selectivity in the current cases to the smaller size of the
alkoxy group in comparison to a methylene, coupled with the di-
recting group effect of oxygen lone pair.
Compound 3 was synthesized following previous literature

procedures.[58] Subsequent Stille coupling with compound 2a-
b using Pd2(dba)3 catalyst and P(o-tolyl)3 ligand proceeded
smoothly and the resulting products were formylated un-
der Vilsmeier-Haack conditions using phosphorus oxychloride
(POCl3) in DMF to afford compound 5a-b. Finally, Knoeve-
nagel condensation between compound 5a-b and the electron-
withdrawing unit IC-4F yielded the target molecules BTIC-1 and
BTIC-2 after chromatographic purification as intensely colored
solids. Both materials exhibited good solubility in common or-
ganic solvent including chloroform and chlorobenzene at room

temperature. The chemical structures of all materials were fully
characterized by a combination of high-resolution mass spec-
trometry (HRMS) or matrix-assisted laser desorption/ionization
time-of-flight (MALDI-TOF), and 1H, 13C and 19F nuclear mag-
netic resonance (NMR). Both materials exhibited good thermal
stability by thermal gravimetric analysis (TGA) under nitrogen
flow, with the 5 wt% weight loss at 325 °C (Figure S30a, Support-
ing Information). No clear thermal transitions were observed for
either material by differential scanning calorimetry up to their
thermal decomposition temperature (Figure S30b, Supporting
Information). Since both materials exhibit clear signs of crys-
tallinity (vide infra), their melt temperature must be above the
onset of degradation.

2.2. Optical and Electrochemical Properties

The optical properties of BTIC-1 and BTIC-2 were examined by
UV–vis absorption spectroscopy, as both thin films and solution
(Figure 1a). BTIC-1 exhibits a strong absorption in the region
from 480 to 725 nm in chloroform with a maximum extinction
coefficient of 2.47 × 105 M−1 cm−1 at 650 nm. BTIC-2 in chloro-
form exhibits a broader absorption between 523 and 832 nm,with
the maximum absorption peak red-shifted by 77 to 727 nm and a
significant increase in the maximum extinction coefficient (4.95
× 105 M−1 cm−1). Upon moving to the film state, the absorption
maxima of both materials are red-shifted by ≈100 nm to 743 nm
for BTIC-1 and 828 nm for BTIC-2 with respect to their absorp-
tion in the solution state, due to the enhanced planarity caused
by the inter- and intramolecular interactions in films. Moreover,
the BTIC-2 film shows a more extended absorption into the near
IR region up to 900 nm, relative to BTIC-1 (800 nm). The opti-
cal band gaps (Eoptg ) is calculated to be 1.58 eV for BTIC-1 and
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Figure 1. a) Normalized UV–vis absorption spectra of BTIC-1 and BTIC-2 in chloroform (1.26 × 10−6 M) and as thin films. b) Cyclic voltammetry curves
of BTIC-1 and BTIC-2. Measurements were performed in acetonitrile/[n-Bu4N]PF6 solutions (0.1 M). Scan rate: 0.1 V s−1.

Table 1. Summary of the optical and electrochemical properties of the BTIC-1 and BTIC-2.

UV–vis CV

𝜆max
[nm] Sol.a)

𝜆max
[nm] film

Molar extinction coefficienta)

[mol L-1 cm-1]
𝜆filmonset
[nm]

Eoptg

[eV]
Eoxonset
[V]

Ereonset
[V]

EHOMO
[eV]

ELUMO
[eV]

Eg
[eV]

BTIC-1 650 743 2.47 × 105 785 1.58 1.41 −0.43 −5.63 −3.79 1.97

BTIC-2 727 828 4.95 × 105 882 1.41 1.43 −0.35 −5.65 −3.87 1.91
a)
In chloroform.

1.41 eV for BTIC-2 from the film absorption onsets of 785 and
882 nm respectively, using the Equation (1).[59]

Eoptg = 1240∕𝜆filmonset (eV) (1)

These are remarkable differences considering the two isomers
only differ in the regiochemistry of the alkoxy sidechain.
The electrochemical properties of both materials were investi-

gated by cyclic voltammetry in thin films. As shown in Figure 1b,
oxidation results in non-reversible peaks, with an onset at 1.41
and 1.43 V for BTIC-1 and BTIC-2 respectively. The HOMO
energy levels are estimated to be −5.63 eV for BTIC-1 and
−5.65 eV for BTIC-2, using the ferrocene/ferrocenium couple
(Equation (2)).[60]

EHOMO∕LUMO = −
[
4.8 + Eox∕re

onset − E0∕+Fc

]
eV (2)

The LUMO energy levels of BTIC-1 and BTIC-2 are esti-
mated to be −3.79/−3.87 eV from their reduction onsets at
−0.43/−0.35 V respectively (Table 1). The slightly narrower elec-
trochemical band gap of BTIC-2 agrees well with the more red-
shifted absorption profile in Figure 1a.

2.3. Theoretical Calculations

To help explain the observed differences between the two iso-
mers, the frontier molecular orbitals and molecular geometry of
BTIC-1 and BTIC-2 were calculated using density functional the-
ory (DFT) with B3LYP/6-31G (d, p) as the basis set and methyl

groups instead of long alkyl chain for simplicity.[61] The predicted
molecular geometries are shown in Figure 2. BTIC-1 is predicted
to have two energy minima, shown as BTIC-1 and BTIC-1′ in
Figure 2a, which differ with respect to the orientation of the
alkoxy group and the adjacent thienyl group. The lowest energy
conformer (BTIC-1) is shown in Figure 2b and has the alkoxy oxy-
gen atom in close proximity to the hydrogen of the thienyl group,
with a dihedral angle of 20° between the two units. A potential en-
ergy scan, in which the dihedral angle between the central ben-
zene unit and adjacent thiophene unit was fixed, while allowing
the rest of the molecule to relax to its minimum energy confor-
mation, is shown in Figure 2c.[62] This shows the relative energy
difference between the two conformers was small, <0.05 eV, and
that both conformers were slightly twisted from coplanarity.
In contrast, the calculations for BTIC-2 show a strong prefer-

ence for a single conformer in which the alkoxy groups on the
phenyl and thiophene have a trans-like arrangement (Figure 2b).
This conformation is predicted to be fully coplanar, with possi-
ble non-covalent interactions between O···S and H···O, as the in-
tramolecular distance were calculated to be 2.63 and 2.05 Å for
O···S and H···O respectively, much shorter than the sum of the
van derWaals radii of O and S (3.32 Å), O andH (2.72 Å). The po-
tential energy scan (Figure 2c) shows that the alternative arrange-
ment, in which both alkoxy groups are cis, is significantly higher
in energy and substantially twisted from coplanarity. Intuitively
this makes sense, as coplanarity would force both electronegative
oxygen atoms into close proximity. This relatively high energy of
the cis conformermeans the energetic barrier to overcome to take
the lowest energy conformation is low, substantially lower than
for the BTIC-1′ to interconvert to BTIC-1. Thus, we expect that
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Figure 2. Theoretical calculation of BTIC-1, BTIC-1′, and BTIC-2. a) Chemical structure and frontier molecular orbitals. b) Optimized geometry at the
lowest energy. c) DFT-calculated relaxed potential energy scans. d) TD-DFT-calculated UV–vis absorption spectra.

Adv. Optical Mater. 2024, 12, 2302210 2302210 (5 of 10) © 2023 The Authors. Advanced Optical Materials published by Wiley-VCH GmbH
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Figure 3. a) Device structure of OPDs. b) The J–V curves of OPDs under AM 1.5 G illumination (100 mW cm−2) and in dark conditions. c) Spectral
responsivity and Detectivity of PM6:BTIC-2 at -2 V. d) Linear dynamic range of PM6:BTIC-2 at -2 V under white light illumination. e) Response to temporal
square-wave signals of PM6:BTIC-2 photodetector at -2 V and 2 kHz under white light illumination. f) Cut-off frequency of PM6:BTIC-2 at -2 V under
white light illumination.

majority of BTIC-2 molecules adopt the trans-like planar confor-
mation, whereas for BTIC-1 it will be more mixed.
Calculations of the frontier molecular orbitals for BTIC-

1, BTIC-1′, and BTIC-2, together with their respective
HOMO/LUMO energy levels are shown in in Figure 2a. The
HOMO/LUMOwere estimated to be−5.70/−3.47 eV for BTIC-1,
−5.68/−3.43 eV for BTIC-1′ and −5.45/−3.51 eV for BTIC-2.
To further investigate the differing molecular conformation
on the absorption profile, time-dependent density functional
theory (TD-DFT) was employed to calculate the first 30 excited
states.[63,64] The wavelength, oscillator strength and molecular
orbital (MO) contribution for each electronic transition are
summarized in Table S1 (Supporting Information). As shown
in Figure 2d, the calculated absorption of BTIC-2 is dominated
by the S0 → S1 transition (700.46 nm) that is red-shifted by
84.2 nm compared to the maximum absorption peak of BTIC-1
(616.26 nm), which is in line with the experimental trend shown
in solution absorption spectra. (Figure 1a).

2.4. Organic Photodetectors

To investigate the photodetector properties of these two fully non-
fused NFAs, BTIC-1 and BTIC-2 were blended with the poly-
mer donor PM6 to fabricate OPDs with a device structure of
indium tin oxide (ITO)/zinc oxide (ZnO)/PM6:BTIC/MoO3/Ag
(Figure 3a). The polymer PM6 was selected as the donor to af-
ford a broadband OPD owing to the complementary absorp-

tion and well-matched energy levels with both acceptor materials
(Figure S31, Supporting Information).[65] Devices were carefully
optimized by tuning the solution concentrations, donor/acceptor
ratios, spin-coating speeds and thermal annealing temperatures.
As displayed in Figure 3b, the current density-voltage (J-V) char-
acteristics of the OPDs were measured under AM 1.5G illumi-
nation (100 mW cm−2) and in the dark. The OPDs comprising
PM6:BTIC-2 exhibit a JD value of 2.4 × 10−7 A cm−2 at -2 V, which
is more than one order of magnitude lower compared to the JD
obtained by PM6:BTIC-1 devices (6.0× 10−6 A cm−2) at -2 V. Simi-
larly, the current densities under light conditions were higher for
BTIC-2-based devices (1.42 × 10−2 A cm−2) compared to BTIC-1
(4.42× 10−3 A cm−2). Due to the instability under reverse bias and
the low light-to-current conversion of PM6:BTIC-1, we therefore
focused on the further optimization of PM6:BTIC-2 OPDs.
To quantify the spectral response of the OPDs depending on

the incoming photons of certain energy, R of OPD devices was
measured as a function of the incident light wavelength. Gener-
ally, R can be estimated from the Equation (3)

R = EQE × q𝜆∕hc (3)

in which h is the Planck constant (6.626 × 10−34 J Hz−1), 𝜆 is the
wavelength of light and c is the speed of light (3.0× 108 m s−1).[1,3]

As depicted in Figure S32a (Supporting Information),Rwasmea-
sured at 0,−1 and -2 V. Figure 3c showed R of PM6:BTIC-2-based
device, which exhibited a peak value of 0.36 A W−1 at 830 nm
at a bias voltage of -2 V, which is comparable to commercially
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available solid-state photodetectors.[66,67] We note that perform-
ing the characterization at a large reverse bias is important to cor-
rectly evaluate the figures of merit (see further discussion in Sup-
porting Information).[68–70]D* is another fundamental parame-
ter of photodetectors and is usually employed to assess the light-
detecting sensitivity (Figure 3c), which can be given by the Equa-
tion (4)

D∗ =
R
√
AΔf
in

(4)

where A denotes the photoactive area, Δf is the detection band-
width and in is the noise current.

[3,23] To accurately evaluate D*,
in was calculated by the fast Fourier transform of the current un-
der an applied bias of -2 V. As shown in Figure S32b (Supporting
Information), the OPDs based on the blend of PM6:BTIC-2 pre-
sented a in of 4.4 × 10−13 A, which is one order of magnitude
higher than the value calculated from shot and thermal contri-
butions. Owing to their low noise current, the OPDs based on
PM6:BTIC-2 yielded a D* value of 1.7 × 1011 Jones at 830 nm un-
der the bias of -2 V. As depicted in Figure S32c (Supporting In-
formation), D* can be overestimated if in is calculated according
to the Equation (5)

in =

√
2qiD + 4kT

Rshunt
(5)

where q is the elementary charge, k is Boltzmann constant, T
is the temperature and Rshunt is derived from the respective J-V
characteristics.[5,23]

Figure 3d and Figure S32d (Supporting Information) depict
the dependence of response linearity on the modulated power of
the white light source. The linear dynamic range (LDR) can be
calculated by the Equation (6)

LDR = 20 log
(
Jmax (V)

Jmin (V)

)
(6)

where Jmax and Jmin are the photocurrent of the upper and lower
limit of the linear range, respectively.[3,22] As a result, the LDR
is calculated to be 72 dB. To evaluate the photo response speed
of the OPDs, the response to temporal square-wave signal of
PM6:BTIC-2-based OPDs under white light at -2 V and 2 kHz
was studied (Figure 3e). The rise and fall times are defined as the
time interval inwhich the current increases from10% to 90% and
transition from 90% down to 10% of the peak current, and were
estimated to be 2.6 and 3.3 μs in our case, respectively. As a result,
the response width at -3 dB point frequency (f−3dB) of PM6:BTIC-2
reached 130 kHz, as shown in Figure 3f, whichmeets the require-
ment of real-time monitoring.[25,29]

Fabrication of OPDs using non-fused small-molecule ac-
ceptors has rarely been reported. Herein, the fully non-fused
molecules BTIC demonstrate a more simplified chemical struc-
ture compared to other reported works which exhibit at least
one fused component,[18,71] but exhibit comparable device perfor-
mance with a responsivity of 0.36 A W−1 and detectivity of 1.7 ×
1011 Jones at 830 nm. And the device using PM6:BTIC-2 deliv-

ered an ultrafast photo response with a lower rise time of 2.6 μs
and a broader f−3dB of 130 kHz.

2.5. Morphology Investigation

Grazing incidence wide-angle X-ray scattering (GIWAXS) was
employed to investigate the molecular stacking and orientation
of neat and blend films, prepared under the same conditions as
those for the OPD devices (Figure 4a,b). All of them show a sim-
ilar “edge-on” orientation as evidenced by the appearance of a
lamellar (100) diffraction peak in the out-of-plane (OOP) direc-
tion and a 𝜋-𝜋 stacking (010) diffraction peak in the in-plane (IP)
direction. The (100) peak was observed at q = 3.22 and 3.44 nm−1

for BTIC-1 and BTIC-2 respectively, with BTIC-2 exhibiting a
more intense peak for films of comparable thickness. According
to the Equation (7),[72]

d = 2𝜋∕q (7)

the lamellar d-spacing distance of pristine BTIC-1 ad BTIC-2
were calculated to be 1.95 and 1.82 nm. The crystallite coher-
ence lengths (CCLs) were calculated to be 17.1 nm for BTIC-1
and 17.6 nm for BTIC-2, based on Scherrer Equation (8).[73]

𝜏 = 2𝜋K
FWHM

(8)

These results indicate that BTIC-2 has a higher crystallinity
and a more ordered molecular stacking than BTIC-1, which is
consistent with modelling and UV–vis results. Both blend films
of PM6:BTIC-1 and PM6:BTIC-2 show broader diffraction peaks
compared to the corresponding neat films, indicating that in
both cases blending reduced the crystallinity compared to pris-
tine BTIC.
Atomic force microscopy (AFM) was further employed to in-

vestigate the influence of the backbone conformation on the
surface morphology of the pristine BTIC and the blend of
PM6:BTIC in the active layer for the fabricated devices. As shown
in Figure 4c, both BTIC-1 and BTIC-2 exhibit fiber-shaped do-
mains with a root mean square (RMS) of 2.79 nm for BTIC-1 and
12.37 nm for BTIC-2. The larger domain size and significantly
increased roughness of pristine BTIC-2 film indicates stronger
aggregation and nucleation relative to BTIC-1, which can be as-
cribed to the more favorable stacking behavior, due to the more
planar backbone conformation of BTIC-2 as shown in Figure 2b,
and the preference for a single conformer. Compared to pristine
BTIC films, blending clearly reduces the crystallite size and sur-
face roughness in both cases, which agrees well withGIWAXS re-
sults. There are no clear differences between the two blend films,
but the reduced roughness in both cases suggests a good misci-
bility in the active layer, which is important for exciton harvesting
and charge collection.[74,75]

3. Conclusion

In summary, two fully non-fused small-molecule acceptors
(BTIC-1 and BTIC-2) were designed and employed for near-
infrared organic photodetectors. Among them, BTIC-2 exhibits a

Adv. Optical Mater. 2024, 12, 2302210 2302210 (7 of 10) © 2023 The Authors. Advanced Optical Materials published by Wiley-VCH GmbH
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Figure 4. a) 2D GIWAXS images, b) corresponding in-plane and out-of-plane line cuts, c) AFM images of pristine BTIC and PM6:BTIC blends.

more coplanar structure and thus a more red-shifted absorption
up to 900 nm, resulting from the increased conformational locks
in BTIC-2 backbones. The relationship between the chemical
structure of acceptor materials and the dark current was com-
prehensively explored by changing the position of the alkoxy
side chain on the thiophene bridge. We found that by simply
changing the position of side chain, a remarkable reduction of
dark current (2.4 × 10−7 A cm−2) was observed in the OPDs based
on the blend of PM6:BTIC-2 with respect to that of PM6:BTIC-1,
leading to a specific detectivity of 1.7 × 1011 Jones at 828 nm
under the reverse bias of -2 V. An ultrafast response speed of
2.6 μs and a competent f−3dB of 130 kHz were also achieved,
suggesting the great promise of the present NIR OPDs herein.
Theoretical calculation results and morphology studies indicate
that the improved device performance can be ascribed to the
more planar molecular backbone of BTIC-2 resulting from the

increased non-covalent molecular conformational locks. Our
work demonstrates that fully non-fused small molecules can
play an important role in the practical application of NIR OPDs.

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