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Abstract

The addition of a third component to a donor:acceptor blend is a powerful tool to enhance the
power conversion efficiency of organic solar cells. Featuring a similar operating mechanism,
organic photodetectors are also expected to benefit from this approach. Here, we fabricated ternary
organic photodetectors, based on a polymer donor and two nonfullerene acceptors, resulting in a
low dark current of 0.42 nA cm ™2 at —2 V and a broadband specific detectivity of 10! Jones. We
found that exciton recombination in the binary blend is reduced in ternary devices due to the
formation of a pseudo-binary microstructure with mixed donor—acceptor phases. With this
approach a wide range of intermediate open-circuit voltages is accessible, without sacrificing
light-to-current conversion. This results in ternary organic photodetector (TOPD) with improved
Responsivity values in the near-infrared. Moreover, morphology analyses reveal that TOPD devices
showed improved microstructure ordering and consequentially higher charge carrier mobilities
compared to the reference devices.

1. Introduction

The organic photodetector (OPD), a technology based on organic photodiodes and therefore similar to
organic photovoltaics (OPV), is an exciting new venture for organic semiconductor applications [1-5].
Through judicious design, the device can be tailored to multiple demanding applications for next-generation
image sensing [6, 7], optical communication [7], and medical implants [8—10]. Compared to conventional
donor:acceptor OPDs, a ternary organic photodetector (TOPD) is the result of the introduction of a third
component into its active layer [11-13]. To maximize OPD device performance, initial efforts have been
made to transfer the successful strategies in the fabrication of efficient ternary organic photovoltaic (TOPV)
devices to photodetection enhancement [14]. By chemically engineering the active layer, TOPD can obviate
the need for a demanding and high-cost tandem structure to achieve broadband detection [15]. Exploiting
complementary absorption, whereby the third component absorbs at different wavelengths when compared
to the binary system, the ternary strategy can greatly extend the spectral response to the near-infrared (NIR)
region [16-20]. Besides panchromatic absorption, the addition of the third component can also boost the
current detection range performance through photocurrent enhancement thereby incurring a higher
responsivity (R), specific detectivity (D*), wider linear detection range (LDR), and shorter transient time
[21-23]. Indeed, ternaries can give rise to an increased number of pathways and interfaces that facilitate
exciton dissociation and thus elevated photocurrent generation. A higher short-circuit current density (J)
can also be obtained by exploiting the photon absorption capability of the third component to help generate
more excitons through energy transfer [24]. Meanwhile, the energetic levels of donor and acceptor binary
blends could also benefit from the mixing of the third component to achieve enhanced charge transfer and
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reduced trap states at the interfaces [25, 26]. Such improvements are imperative for mitigating
recombination to effectively reduce the dark current [27-30]. In addition to the energetics of the active
materials, the blend microstructure is also of paramount importance. The incommensurate gain in external
quantum efficiency, specific detectivity, and dark current presented in past studies shed light on the
morphological variation with the incorporation of the third component. Depending on its crystallinity and
miscibility with other components, the weight ratio (D:A1:A2 or D1:D2:A) of the additional component can
impact the original structural order and the charge transport profile [24, 31-33]. For instance, a finer
morphology may be beneficial for charge generation and transport, but an intimate mixture of the
components can aggravate charge recombination [25, 34, 35]. Therefore, key factors related to specific
performance parameters should be stressed and prioritized when selecting the ternary component candidate
to fully implement its role in the blend as well as retain the level of satisfaction for other figure of merits
(FOMs). To date, a limited amount of literature has reported the ternary strategy for nonfullerene (NFA)
TOPD compared with its fullerene counterparts. For fullerene-based blends, the typical design strategy for
the third component is to extend the absorption window of the donor:fullerene blend by incorporating NIR
absorbing polymers or small molecules [36—38]. However, adding low bandgap materials limits the V¢ of
the devices, with a detrimental effect on dark current (J4) [39]. The recent advent of NFAs has led to a
number of further opportunities in ternary devices, owing to the variety of tunable energy levels, absorption
profiles and crystallinity [40]. Benefiting from a variety of donor and NFA combinations with the know-how
developed for OPV [41-44], the ternary approach can be a natural step for simultaneously improving
multiple FOMs of organic photodetectors.

In this work, we have successfully demonstrated the realization of broadband spectral response through a
ternary blend consisting of the donor polymer PTQ10 [45] and two NFAs, namely O-IDTBR [46] and
O-FBR [47]. Through optimizing the blend composition, a reduced dark current level, an improved flat
responsivity and specific detectivity are obtained. In particular, the poor light-to-current conversion in the
PTQ10:0-IDTBR binary blend due to the negative HOMO-HOMO offset, is addressed with the addition of
the third component which facilitates charge transfer from the NIR acceptor [48]. This results in TOPD with
D* exceeding 10'? Jones in the 350-730 nm spectral region. Moreover, higher charge carrier mobility is
observed in the ternary blend due to the increased structural order and improved crystallinity that enhances
charge transport. Wide linear dynamic range and promising frequency response are also presented. Thus,
judicious selection and incorporation of a third component into binary OPD blends to create a TOPD can be
a powerful tool to propel the engineering of high performance OPD.

2. Results and discussion

The photoactive layer of the ternary OPD studied comprises the donor polymer PTQ10 and different
O-FBR:O-IDTBR (A1:A2) ratios. The chemical structures of the materials used, and their respective energy
levels are depicted in figures 1(a) and (b), respectively. We have previously shown that OPD devices based on
PTQ10:0-FBR and PTQ10:0-IDTBR delivered low J4 in the order of nA cm~2 at —2 V [48]. However,
despite a high responsivity of 0.42 A W~!, PTQ10:O-FBR delivered light-to-current conversion only in the
visible spectral region, preventing its application for near-infrared applications. On the contrary,
PTQ10:0-IDTBR binary blends showed spectral coverage up to 750 nm, however, the negligible
HOMO-HOMO offset between the donor and acceptor materials prevented efficient exciton dissociation,
resulting in R values of 0.05 A W™~ To overcome this limitation, we adopted the ternary strategy by blending
PTQ10:0-FBR:O-IDTBR in different D:A1:A2 ratios with the aim of extending the absorption window of
PTQ10:0-FBR upon addition of O-IDTBR (figure 1(c)) and, at the same time, suppress exciton
recombination in PTQ10:0-IDTBR due to the deeper HOMO level of O-FBR compared to O-IDTBR,
enabling a type-II offset to be achieved. Different operating modes have been proposed in ternary blends,
depending on the energetics of the components, the phase structure and the location of the third component
in the bulk microstructure.

To uncover the effect of the addition of the third component on OPD performance, we fabricated a range
of ternary devices with different D:A1:A2 ratio. We adopted an inverted device structure consisting of
indium tin oxide (ITO)/ZnO/Active layer/MoOx/Ag, with the photoactive layer blade coated in air. We first
measured the current voltage (J-V') characteristics of the binary and ternary OPDs under one sun
illumination (AM1.5G) and dark conditions (figures 2(a) and S1 available online at stacks.iop.org/
JPMATER/4/045001/mmedia, in the supporting information). One of the photodetector’s figures of merit is
the /4 measured at a reverse bias of —2 V. Low J4 is necessary for sensing applications and maximizing the
difference between dark and light current is therefore of utmost importance. Figure 2(b) shows the J4 values
of binary and ternary blends at —2 V. In line with our previous report, PTQ10:O-FBR and PTQ10:0-IDTBR
delivered dark currents of 1.1 nA cm ™2 and 1.8 nA cm ™2, respectively [48]. Interestingly,
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Figure 1. Chemical structures (a) and energy levels extracted from photoelectron spectroscopy in air measurements [48] (b) of
PTQ10, O-IDTBR and O-FBR. (c¢) Absorption profiles of binary and ternary blends with different D:A1:A2 ratios.

PTQ10:0-FBR:O-IDTBR (1:0.38:0.62) incurred the lowest J4 of 0.42 nA cm ™2, which can be related to the
improved charge extraction or reduced charge recombination in the blend. In line with the concept of
pseudo-binary blends [14], we observed a range of intermediate Vo around 1.18 V for
PTQ10:0-FBR:O-IDTBR blends spanning from 1:0.85:0.15 to 1:0.38:0.62 (figure 2(c)). In addition, as
depicted by the responsivity curves in the reverse bias in figure 2(d), these ternary blends featured increased
photocurrent compared to the binary PTQ10:0-IDTBR devices, likely due to improved exciton dissociation.
As tabulated in table 1, the R value at 710 nm of PTQ10:0-FBR:O-IDTBR (1:0.38:0.62) increased to

0.1 AW~! compared to 0.06 A W~ for PTQ10:0-IDTBR binary. Simultaneously, the addition of O-IDTBR
into PTQ10:0-FBR allows a broader light-to-current conversion from 350 nm to 780 nm in the ternary
blends, whereas the binary devices show R only in the 350-670 nm region.

Dark current values and responsivity are often used to calculate the specific detectivity (D*) of
photodetectors, which provides insights into the signal stability and sensitivity of devices. However, J4 only
reflects the shot noise of the devices, which results in overestimated D* values that do not take into account
flicker and thermal noises. For this reason, we calculated the noise current (i,,), which can be calculated
according to equation (1), where q is the elementary charge, i4 is the dark current, k is the Boltzmann
constant, T is the temperature, and Rgpy, is the shunt resistance [49]

4kT

shunt

(in)? = (2qia + ——). (1)
According to figure S2, which shows the fast Fourier transform of the dark current, the noise floor has been
reached at frequency as low as 0.1 Hz, suggesting that for frequencies above 0.1 Hz the flicker noise is
negligible. D* can then be calculated according to equation (2), where A is the photodetector area and Af is
the measurement system bandwidth

Dt — VAAR 2)

In

Figure 3(a) shows the D* as a function of wavelength at —2 V for binary and ternary devices. Resulting from
the extended light-to-current conversion, ternary devices delivered D* of 10'? Jones in the 350730 nm
range, while PTQ10:0-IDTBR shows D* of 2 x 10!! Jones across the same wavelength range. The results
obtained for PTQ10:0-FBR:O-IDTBR are promising for applications that require detection across the
UV-Vis—NIR spectral region, without the need of color filters, normally used for inorganic semiconductors.
Real world products, such as video imaging applications, require high contrast and fast response speed.
These two properties are associated with the light dynamic range (LDR) and the cut-off frequency (Figures
$3-S5). LDR is defined as the ratio between the photocurrent (J,,, = J1—/q4, where J4 and J are the current
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Figure 2. (a) Current—voltage characteristics under dark and light conditions for binary and ternary blends. /4 at —2 V (b) and
Voc (c) for binary and ternary OPD devices. (d) Responsivity values at —2 V for PTQ10:0-FBR, PTQ10:0-IDTBR and

PTQ10:0-FBR:O-IDTBR 1:0.32:0.68.

Table 1. Key performance parameters for binary and ternary based OPDs including dark current density (J4), responsivity (R), LDR,
and specific detectivity (D*), all reported at —2 V reverse bias.

Ja (Acm™2) R(AW™Y) (@A nm) LDR/dB D* (Jones) (@ A nm)

PTQ10:0-FBR 1.1 x107° 0.33 (605) 72 9.2 x 10'? (605)
(1:1)

PTQ10:0- 42 x 1071 0.21 (605) 72 2.4 x 10'2 (605)
FBR:O-IDTBR 0.10 (710) 1.2 x 10'? (710)
(1:0.38:0.62)

PTQ10:0-IDTBR 1.8 x 107° 0.06 (710) 62 2.3 x 10" (710)
(1:1)

densities under light and dark conditions, respectively) at high (jmax) and low (jmin) light intensities,
according to LDR = 2010g (jmax/jmin)- Figure 3(b) shows the LDR plots for binary and ternary devices. A
linear trend of photocurrent vs light intensity is observed down to a light intensity of 1 x 107> mW cm 2.
We calculated LDR values at —2 V of 72 dB, 72 dB and 62 dB for PTQ10:O-FBR, PTQ10:0-FBR:O-IDTBR
and PTQ10:0-IDTBR, respectively, which is in agreement with the OPD metrics reported above.

The cut-off frequency of photodetectors is defined as the photoresponse drop of 1/\2 of the maximum
photocurrent intensity, known as —3 dB limit and calculated according to equation (3), where imqy is the
maximum photocurrent intensity and if.q is the photocurrent intensity for a specific frequency of incident

light

Damping = —20log (lmax> . (3)

Ifreq

It is generally accepted that for video applications a cut-off frequency of 10 kHz is sufficient [6]. As depicted
in figure 3(c), both binary and ternary blends exceed this threshold value, in particular, we calculate cut-off
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Figure 3. (a) Specific detectivity at —2 V for binary and ternary blends. LDR (b) and cut-off frequency (c) plots at —2 V for
binary and ternary OPD devices. (d) Charge mobility vs charge density for PTQ10:0-FBR, PTQ10:0-IDTBR and
PTQ10:0-FBR:O-IDTBR 1:0.32:0.68.

frequencies of 90 kHz for PTQ10:O-IDTBR and in excess of 100 kHz for PTQ10:O-FBR and the ternary
blend.

Finally, to better understand the superior response speeds of PTQ10:0-FBR:O-IDTBR 1:0.38:0.62 than
PTQ10:0-IDTBR, we measured the effective drift mobility (u) of the OPD devices using the charge
extraction at the short-circuit method. As depicted in figure 3(d), PTQ10:0-IDTBR delivered a lower
effective mobility compared to PTQ10:0-FBR:O-IDTBR and PTQ10:O-FBR devices. Moreover, the ternary
blend showed 1 values less dependent on the charge density compared to the binary devices, which suggest
more ordered transport in the PTQ10:0-FBR:O-IDTBR devices.

To elucidate the operating mechanism of PTQ10:0-FBR:O-IDTBR, we first carried out differential
scanning calorimetry (DSC) measurements. Figure S6 depicts the first heating and cooling DSC profiles of
the neat materials, binary, and ternary blends. Consistent with previous literature [45], PTQ10’s thermogram
is featureless over the evaluated temperature range thus indicating the absence of any measurable phase
transitions upon heating or cooling. This is not the case for 1:1 binary blends employing either O-FBR or
O-IDTBR as the acceptor, both of which incur melting endotherms in their first heating cycle. The recorded
temperatures (Ty,) of these melting peaks are 203 °C for the PTQ10:0-FBR blend and 228 °C for the
PTQ10:0-IDTBR blend, which coincide with the melting endotherms of neat O-FBR and O-IDTBR
respectively [46, 47]. The presence of these peaks is indicative of structural order and pure acceptor domains
in the binary blends. Note that the recorded peak magnitude is significantly larger for the PTQ10:0-IDTBR
binary blend, thus suggesting a greater degree of crystallinity present within the acceptor phase in this blend.
In addition to a melting endotherm in the first heating cycle, the PTQ10:0-IDTBR blend also exhibits an
exotherm at a temperature (T.) of 128 °C, which previously has been ascribed to the crystallization of
O-IDTBR [46]. Compared to the binary blends, the ternary PTQ10:0-FBR:O-IDTBR blend featuring a low
fraction (1:0.62:0.38) of O-IDTBR is virtually featureless, with only poorly visible acceptor-related melting
endotherms present at 193 °C and 217 °C, thus suggesting a much lower degree of order in the acceptor
phase compared to the binary blend. On the other hand, similar to the binary PTQ10:0-IDTBR blend, the
ternary PTQ10:0-FBR:O-IDTBR blend containing a high fraction (1:0.38:0.62) of O-IDTBR also features a
visible O-IDTBR related melting endotherm in its first heating cycle. Compared to the binary blend, this
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Figure 4. 2D GIWAXS patterns of (a) PTQ10:0-IDTBR, (b) PTQ10:0-FBR, (c) PTQ10:0-FBR:O-IDTBR 1:0.38:0.62
and (d) PTQ10:0-FBR:O-IDTBR 1:0.5:0.5. (e) In-plane scattering profiles integrated from the 2D-GIWAXS patterns.

transition, however, occurs at a lower temperature (T, = 224 °C), extends over a broader temperature range
and is smaller in magnitude, suggesting a lower purity of O-IDTBR domains, likely caused by the presence of
the additional acceptor component (O-FBR). The depression of the O-IDTBR related crystallization peak
from 128 °C in the binary to 124 °C in this blend further confirms this hypothesis.

To study the effect of the third component on the blend microstructure, we performed grazing incidence
wide-angle x-ray scattering (GIWAXS) measurements. According to our previous report [48], the 2D
GIWAXS pattern of PTQ10:O-IDTBR films (figure 4(a)) showed distinct diffractions associated with both
donor (g = 2.85 nm™!) and acceptor (g = 3.68 nm~!) components. PTQ10:0-FBR (figure 4(b)) shows a
clear diffraction associated to the donor, while no clear feature can be associated to the acceptor, suggesting a
low degree of crystallinity of O-FBR, in line with the DSC measurements. The crystal structure of IDTBR is
retained in PTQ10:FBR:IDTBR 1:0.38:0.62 films that show a well-defined diffraction at g = 3.68 nm~!,
mainly oriented in-plane, exhibiting a 2D GIWAXS pattern similar to that of the PTQ10:IDTBR binary,
which is however missing in PTQ10:FBR:IDTBR 1:0.5:0.5 (figure 4(d)) blends. The difference between the
two ternary blends is better displayed in the in-plane scattering profiles reported in figure 4(e). In fact,
PTQ10:0-IDTBR and PTQ10:0-FBR:O-IDTBR 1:0.38:0.62 films depict a similar reflection at
q = 3.68 nm~!, with a lower intensity in the ternary system, possibly due to the decreased amount of
O-IDTBR [48], while this peak is absent in the PTQ10:0-FBR:O-IDTBR 1:0.5:0.5. This suggests that in
PTQ10:0-FBR:O-IDTBR 1:0.38:0.62, O-IDTBR tends to phase separate and crystallize, whereas in
PTQ10:0-FBR:O-IDTBR 1:0.5:0.5 the two NFAs are relatively amorphous in nature, likely a result of mixing
that disrupts the ordered packing of the individual NFAs; this is in line with the DSC analyses. The superior
performances of PTQ10:0-FBR:O-IDTBR 1:0.38:0.62 can be attributed to a pseudo-binary microstructure.
In fact, the ternary blend simultaneously features the main characteristics of the binary blends, i.e. high D*
related to PTQ10:0-FBR and low J4 resulting from the superior microstructural order of PTQ10:0-IDTBR.

In conclusion, we demonstrated an elegant design strategy to simultaneously extend the light-to-current
conversion into the near-infrared and reduce the dark current in ternary organic photodetectors. We report
PTQ10:0-FBR:O-IDTBR blends with D* in the excess of 10'? Jones in the 350~730 nm region and low dark
current of 0.42 nA cm 2 at —2 V applied bias. We observed that introducing up to 38% by weight O-FBR in
PTQ10:0-IDTBR mixtures suppresses exciton recombination in the blends due to the formation of a
pseudo-binary configuration, resulting in improved R values in the NIR compared to PTQ10:O-IDTBR.
Moreover, morphology analyses reveal that O-IDTBR tends to crystallize rather than mix with O-FBR, which
leads to a better microstructure ordering and consequentially high charge carrier mobility and reduced J .
Our results show that the ternary approach is not only a useful tool for improving solar cells performances
but can be also used to boost the photodetectors to real-world applications.
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