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Abstract

Chiral m-conjugated molecular systems that are intrinsically sensitive to the handedness of circularly
polarized (CP) light potentially allow for miniaturized, low-cost CP detection devices. Such devices
promise to transform several technologies, including biosensing, quantum optics and communication
of data encrypted by exploiting the spin angular momentum of light. Here we realize a simple, bilayer
organic photodiode (CP OPD) comprising an achiral n-conjugated polymer—chiral additive blend as the
electron donor layer and an achiral Cso electron acceptor layer. These devices exhibit considerable
photocurrent dissymmetry gyn, with absolute values as high as 0.85 and dark currents as low as 10 pA.
Impressively, they showcase a linear dynamic range of 80 dB, and rise and fall times of 50 and 270 ns
respectively, which significantly outperforms all previously reported CP selective photodetectors.

Mechanistically, we show that the gy is sensitive to the thickness of both the chiral donor and achiral



acceptor layers and that a trade-off exists between the external quantum efficiency (EQE) and gpn. The
fast-switching speeds of these devices, coupled with their large dynamic range and highly selective
response to CP light, opens up the possibility of their direct application in CP sensing and optical

communication.



Introduction

Photonic devices that make use of circularly polarized (CP) light will revolutionize the fields
of biosensing!!, quantum optics®**!, polarization-enhanced imaging*®, microfluidics!” and encrypted
optical communications *l. Central to these applications is the ability to discriminate between left- and
right-handed CP light (LH CPL and RH CPL hereafter). This is typically achieved by combining an
inorganic photodetector and polarizing optical components — a configuration unsuitable for
miniaturization or low-cost manufacture. As a result, recent efforts have concentrated on the design of
active layers that can intrinsically detect CP light (CPL), eliminating the need for bulky, complex device

architectures.

The detection of CPL is primarily achieved in two ways, (1) the manipulation of the local
electromagnetic environment with chiral plasmonic nanostructures or (2) the use of chiral molecules in

97121 For CP organic photodetectors (OPDs), a common figure of merit used to evaluate

active layers.!
the selectivity of their response to the handedness of CPL is the dissymmetry or ‘g-" factor, which is
defined as:

I, —Ig

g=1—
§(1L+1R)

Here, subscripts L and R denote LH CPL and RH CPL, respectively, and [ is either the resultant
absorbance or the photocurrent of the device, giving rise to the dissymmetry of absorption, gavs, and

13141 Eor OPDs, other important figures of merit include

dissymmetry of photocurrent, g, respectively.!
external quantum efficiency (EQE), dark current, rise time (#isc) and fall time (#w.n), which are defined

in the Supporting Information (SI; Table S1).

The recent research interest in chiral optoelectronic devices has seen the realization of several
CP photodetectors based on both organic and organic—inorganic hybrid chiral systems (summarized in
Table S1). However, all of these systems have their own shortcomings. While devices that incorporate
chiral plasmonic nanostructures can exhibit outstanding CP selectivity (|gpn| <1.6), they typically suffer

from low EQE (< 1%) and cannot operate in the visible spectral region!'"'”). Their widespread



application is further hindered by complex fabrication protocols, which often involve slow
instrumentation (e.g. electron-beam lithography) that render the mass production of components a
challenge!'®. The device architectures that demonstrate the greatest CP selectivity (i.e., approaching
|gpn| ~2, perfect CP selectivity) are based on the field-effect transistor (FET) structure, but these devices
suffer from low EQE (~1072 %) and cannot be scaled up.'™'"'*] Chiral hybrid organic-inorganic
perovskite (HOIP) photodetectors have achieved impressive EQEs (~57%), but unfortunately, the
majority of published devices demonstrate poor CP selectivity (|gpn| ~0.1).['" 21 More recently, a low-
dimensional chiral HOIP has been reported that allows for high CP selectivity in the UV (|gp| = 1.9).12%
Such perovskite devices face challenges relative to competitive technologies however, such as toxicity
and instability. While a handful of chiral OPDs have been reported, they demonstrate modest values of
|gpn| (£0.1), and other crucial figures of merit (e.g. EQE, linear dynamic range and response times) are

rarely disclosed.'>!4

Chiral m-conjugated organic systems can demonstrate large gavs, as well as offering tunable
optoelectronic properties and compatibility with flexible substrates. In such systems, the dissymmetric
photocurrent originates from the dissymmetric absorption of the materials, which can be quantified by
their circular dichroism (CD). Photoactive achiral polymer—chiral additive blends constitute a
particularly attractive and versatile class, demonstrating large g.»s and enabling polymers that have been
optimized for photodetection to be re-purposed for CP discrimination without the need for novel
synthesis efforts. Recently, Kim et al combined the achiral polymer poly[3-(6-
carboxyhexyl)thiophene-2,5-diyl] (P3CT) with the chiral additive 1,1'-binaphthyl to realize a CP
photodiode (|gpn| = 0.1, EQE = 18%). Unfortunately, the very slow fall times of these devices (>250 s)
makes them practically unsuitable in any frequency-domain applications.' Our group and others have
demonstrated high-efficiency, high-dissymmetry (|ger| = 1.1) CP organic light-emitting diodes
(OLEDs) based on achiral polyfluorene-based (co)-polymers blended with a chiral small-molecule (1-
aza[6]helicene, hereafter aza[6]H) additive.**) We have since postulated that the origins of these

chiroptical phenomena lie in the formation of a weakly ordered double-twist cylinder blue phase, where



the aza[6]H serves to template the polymers into twisted fibrils with strong magneto-electric

coupling. %!

Here we report the realization of highly selective CP OPDs based on a simple, planar
heterojunction architecture comprising a poly(9,9-dioctylfluorene-alt-bithiophene) (F8T2):aza[6]H
blend electron donor layer and a Ceo electron acceptor layer. To the best of our knowledge, these devices
represent the highest photocurrent dissymmetry ever reported for a CP OPD (|gp|= 0.72 at zero bias),
along with ultrafast response times (fise = 50 ns; #n = 270 ns) that are four orders of magnitude faster
than those reported for all other CP photodetecting devices. Such fast responses open up the possibility

[27] These devices represent the first

of using these devices for short range visible light communication.
CP OPDs with device performance compatible with the demands of real-world technologies and,

through mechanistic device analysis, emphasize the importance of both n-conjugated polymer structure

and device architecture in the ability to differentiate LH and RH CP light.

Results

The use of thermal annealing to induce a giant chiroptical response in F8T2:aza[6]H blends has
already been evaluated by our group, and, unless stated otherwise, we followed the optimized protocol
(140 °C for 10 minutes in a N, filled glovebox) for all experiments.'**! The naming convention for
LH-CPL and RH—CPL is illustrated in the SI (Figure S1). To ensure that the chiral phase is not
impacted by the subsequent deposition of the Ceo layer, we compared the CD spectra of donor-only thin
films (F8T2:aza[6]H) to those obtained for the donor-acceptor (D—A) bilayer heterojunction
(F8T2:aza[6]H-Cso), and find no evidence of the thermally evaporated Ceo layer disrupting the

formation of the chiral phase (Figure S2).

We  first  fabricated a series of CP OPDs (of device structure
ITO/PEDOT:PSS/F8T2:aza[6]H/Ceo/Al; Figure 1) with variable F8T2:aza[6]H thickness (¢p of 77-140
nm) and a fixed Ceo layer thickness (fa = 30 nm). Details of experimental setups for device
measurements are provided in the SI (Figure S3). We previously showed that when considering thick

films (tp >150 nm) the true guvs of our annealed blend materials does not vary with thickness.!*! The



same does not hold true for the thin films (#p <150 nm) evaluated here, which we attribute to the strong
optical interference of forward and backward traversing waves caused by multiple reflections at the
substrate—film and other neighboring layers’ interfaces, typical of optically thin films.*®) The CD
(Figure 1b), as well as the apparent |gas| (Figure S4), increases with increasing #p and are equal-and-
opposite for [M]- and [P]-aza[6]H blends.*® Irrespective of the polarization of the excitation, the EQE
decreases as tp increases (Figure 1c). As can be expected from the increasing gavs, |gpn| values
corresponding to the spectral region of first CD Cotton band (~480 nm) increase with increasing #p,
from ~0.15 at #p = 81 nm to ~0.41 for tp = 110 nm (shown in Figure 1d case of an [M]-aza[6]H-doped
CP OPD). We note that gy is of opposite handedness relative to the corresponding gaps; that is, donor
layers that preferentially absorb RH CPL result in a higher EQE under LH CPL near the D—A interface,
and vice versa. Under reverse bias (Figures le and 1f) the CP OPDs demonstrate an enhanced gpn; for

example, when p = 140 nm, |gpn| increases from 0.3 (unbiased) to 0.85 (=3 V).
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Figure 1. Influence of the blend donor layer thickness, b, on CP OPD performance while keeping the
acceptor layer thickness at 30 nm. (a) Molecular structures of F8T2 (top), [M]-aza[6]H and [P]-aza[6]H
(middle), and the OPD architecture (bottom). (b) CD of F8T2:[M]- (solid) and [P]-aza[6]H (dashed)
blend layers. (¢) Unpolarized EQE and (d) gyn for F8T2:[M]-aza[6]H OPDs at 0 V bias; varying weights
of curves in (c) represents instrumentational error margins in EQE data. (e) Current—voltage curves of
F8T2:[M]-aza[6]H based OPDs under dark conditions (dashed) and unpolarized light (solid; with

incident radiation 0.55 mW cm 2, Aex = 473 nm). (f) gpn of F8T2:[M]-aza[6]H (solid) and F8T2:[P]-

aza[6]H (dashed) OPDs under reverse bias (0.21 mW c¢m 2, Adex = 473 nm).



Next, we evaluated the impact of the Ceo layer (¢4 = 0—50 nm) on the device performance, using
a fixed #p (77 nm). At all excitation wavelengths probed, EQE initially increases with increasing #a
(Figure 2a), until z4 > 40 nm, when the EQE falls sharply (from ~8% to ~3% for 4 >400 nm).
Unexpectedly, short circuit |gpn| for the longer-wavelength peak (corresponding to the CD peak at
around 540 nm) increases as ta decreases (Figure 2b), reaching |gpn| = 0.72 when 4 = 10 nm. This
increase is coupled with a blue shift of the wavelength (A1) at which the maximum |gpi| occurs (Apn ~540
nm at z4 of 50 nm, Ay ~510 nm at 74 of 10 nm). The relationship between gpn and za is particularly
surprising given that the presence of the achiral acceptor layer does not significantly impact the CD
response (Figure S2). We note that there is no significant enhancement of photocurrent or gy, under

increasing reverse bias (Figures 2c and d).
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Figure 2. Influence of Ceo acceptor layer thickness, ¢4, on CP OPD performance with a fixed donor
layer thickness of 77 nm. (a) Unpolarized EQE and (b) gy for F8T2:[M]- (solid) and [P]-aza[6]H

(dashed) OPDs at zero bias. (¢) Current—voltage curves of F8T2:[M]-aza[6]H devices under dark



conditions (dashed) and unpolarized light (solid; with incident radiation 0.57 mW cm ™2, Aex = 473 nm).
(d) gpn of F8T2:[M]-aza[6]H (solid) and F8T2:[P]-aza[6]H (dashed) OPDs under reverse bias (0.22 mW

cm 2, dex = 473 nm).

Given the trends we observed as a function of #p and ¢4, we selected two device architectures for further
study: one targeting the most intense, first Cotton CD band (‘1°, =480 nm; with /p = 87 nm and #5 =
30 nm) and the other targeting the longer-wavelength CD band (‘2°, 4 =540 nm; #p = 77 nm and #x =
20 nm). These architectures maximize the difference in EQE under LH CPL and RH CPL at their target
wavelengths in order to optimize both EQE and gyn. In both cases, the EQE (Figure 3a) and g, (Figure
3b) are enhanced under reverse bias, reaching |gp| >0.4 at an EQE of 8.4% for band 1 and |gps| >0.1 at
an EQE of 5.2% for band 2. Both devices exhibit a linear response to increasing light intensity (Aex =
473 nm) of over four orders of magnitude (Figures 3¢ and d), yielding linear dynamic range (LDR)

values of ~80 dB, and similar ultrafast response times under pulsed operation (#is. ~50 ns and i ~270

ns).
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Figure 3. Device characteristics of optimized OPDs incorporating [M]-, [P]- or [rac]-aza[6]H chiral
dopants. (a) Unpolarized EQE and (b) gy for OPDs fine-tuned for operation in CD band 1 (solid, —1
V) or CD band 2 (dashed, —0.5 V). Unpolarized LDR of (¢) band 1-oriented OPDs and (d) band 2-
oriented OPDs, where dashed lines indicate the line of best fit. Non-CP switching response of (e) band
1 and (f) band 2 OPDs, where dashed lines indicate 10% and 90% of the maximum current. Incident

radiation Aex = 473 nm for obtaining (c¢) and (d); and Aex = 532 nm used for (e) and ().

These results not only showcase the first example of the versatile achiral polymer—chiral small-
molecule additive blend systems in CP OPDs but also provide a simple platform to understand the
fundamental mechanisms that underpin their device performance. The decrease in EQE with increasing
tp (Figure 1b) can be understood by considering the photogeneration and subsequent dissociation of
excitons. As fp is considerably greater than the exciton diffusion length of F8T2 (~8 nm), one can
assume to a first approximation that statistically, most excitons generated in the donor layer more than
~8 nm from the D—A interface would not dissociate before annihilation, and therefore do not contribute
to the measured photocurrent.” As 11 increases, the proportion of incident photons that are absorbed
before they reach the D—A interface increases, and the resulting reduced light intensity at the D-A
interface diminishes the EQE. On the other hand, g» increases with increasing p, and is always opposite
in sign to gas (Figures 1b, d and f). This behavior has previously been observed using a planar
heterojunction architecture by Meskers and co-workers, and can be explained by considering the
mechanism illustrated in Figure 4a.”’ For F8T2:[M]-aza[6]H devices, RH CPL is more strongly
absorbed than LH CPL in the donor layer. As a result, the intensity of light that reaches the D—A
interface is greater for LH CPL than it is for RH CPL, which leads to an inversion of gyn relative to Gaps.
As tp is increased, this ‘filter’ effect is further enhanced, which serves to increase |gph|. The enhancement
of |gpn| under reverse bias, which is particularly apparent when #p is high (Figure 1f), suggests that the
efficiency of either exciton generation, exciton dissociation or charge extraction does not increase
equally with reverse bias under LH and RH CPL. Further studies are required to elucidate the precise

origins of this interesting phenomenon.
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While increasing #p has a detrimental impact on device performance, the same is not true for
the achiral acceptor layer (7) (Figures 2a and c¢). Consistent with an exciton diffusion length of ~40 nm
for Ceo, EQE and photocurrent increase until 4 = 40 nm, i.e., a length until which most excitons can
diffuse to the D—A interface thus contribute to the photocurrent.”” When the Cso acceptor layer
thickness exceeds the exciton diffusion length (z4 >40 nm), EQE and photocurrent decrease sharply.
We attribute this to the absorption of light in the excessively thick Cg layer, which non-selectively
reduces the light intensity that is reflected to and beyond the D-A interface from the aluminum
electrode. At the same time, when the CP OPDs are excited in the low-energy CD band (~540 nm), |gph|
is dramatically enhanced by decreasing za (Figures 2b and d). We suggest that this behavior is the result
of two cooperative mechanisms (Figure 4b). As described above, for F8T2:[M]-aza[6]H devices,
circular selective absorption of RH CPL results in a greater |gpn under LH CPL. The LH CPL
transmitted through the achiral Ceo layer is reflected off the back aluminum electrode, after which the
handedness inverts (LH becomes RH, and vice versa). Following reflection, the CPL is the appropriate
handedness to be preferentially absorbed by the chiral donor layer near the heterojunction interface. As
ta decreases, the amount of light transmitted through the acceptor layer increases, which ultimately
increases gyn. We attribute the lack of significant enhancement of |gpn| in the high-energy CD band (1)
to the stronger absorbance of Ceo at this wavelength (Figure S5). The effect of internal reflection of CPL

39 There is an

from the back metallic electrode has also been noted in some CP OLED device works.
important difference between the two scenarios however: in CP OLEDs, reflection from the back

electrode decreases the dissymmetry factor of CP emission, whereas in CP OPDs it increases the

dissymmetry factor of CP detection.

11
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Figure 4. Proposed mechanism for the influence of (a) /b and (b) o on CP OPD performance. For
F8T2:[M]-aza[6]H devices, RH CPL is more strongly absorbed than LH CPL in the donor layer,
therefore, the intensity of light that reaches the D—A interface is greater under LH CPL than RH CPL,
which leads to an inversion of gy, relative to gass. For thin 74 layers, the LH CPL transmitted through
the achiral Ceo layer is reflected off the back aluminum electrode, after which the handedness inverts
(LH becomes RH, and vice versa). Following reflection, the CPL is of the appropriate handedness to

be more preferentially absorbed by the chiral donor layer near the interface.

The optimized devices represent an ideal balance between device performance and CP
selectivity (Figure 3; Table S1). To the best of our knowledge, these devices exhibit the highest LDRs
(~80 dB) and fastest switching times (#ise ~50 ns; frn ~270 ns) of any CP OPDs ever reported. In
particular, our switching times are over four orders of magnitude faster (by fall time)®?” than those
reported in literature (Table S1). We note that the response times of our CP OPDs correspond to a
bandwidth of ~7 MHz. Therefore, these CP OPDs could be used in principle in conjunction with short
fluorescence lifetime emitters for high speed wireless visible light communications; with two 7 MHz
CPL transmission channels (LH and RH) offering a total transmission bandwidth of up to 14 MHz.B!

Alongside increasing the speed of data transmission, the use of CPL adds an additional degree of

12



freedom for information encryption, as any eavesdroppers using unpolarized photodetectors will only

detect a meaningless superposition of LH CPL and RH CPL signals.

Conclusion

We present highly selective circularly polarized organic photodiodes with state-of-the-art
device performance based on a chiral n-conjugated polymer donor and an achiral Ce acceptor in a bi-
layered planar heterojunction. The simplicity of this architecture allows us to investigate several
interesting photophysical and chiroptical phenomena, the findings of which can inform the design of
future CP-relevant materials and devices. For example, CP absorption in the donor phase and
subsequent inversion upon reflection at the metallic counter electrode results in oppositely handed gpn
and g.»s. Meanwhile, gpn is largest for the thinnest acceptor layers (gpn = 0.72 when za= 10 nm), which
we attribute to the beneficial impact of CPL inversion on the photocurrent that is greatest for the thinnest

acceptor layers.

This study emphasizes that in the pursuit of high-performance, high-selectivity planar
heterojunction CP OPDs, a compromise must be reached between intense gpn and strong EQE. Despite
this, our optimized devices demonstrate impressive figures of merit, with EQE of 5-10%, rise and fall
times of ~50 ns and ~270 ns, dark currents down to 10 pA, and state-of-the-art linear dynamic ranges
of ~80 dB. The strong CP selectivity, coupled with very fast response times has the potential to
transform many real-world applications, including CP-light encrypted, ultrafast next-generation data

transmission technologies such as visible light communications.
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Supporting Information is available from the Wiley Online Library or from the author.
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Bilayer organic photodiodes sensitive to the handedness of circularly polarized light (CPL) have been
developed using a m-conjugated polymer—chiral additive blend donor layer. The influence of device
architecture on the selectivity of response to CPL is leveraged to produce optimized devices with
considerable photocurrent dissymmetry (up to 0.85), state-of-the-art linear dynamic range (80 dB), and

nanosecond response times.
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