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developing novel chiral functional mate-
rials.[11–19] The inherent chiroptical proper-
ties of chiral organic materials can help to 
simplify the design of the optical devices 
by eliminating the need for separate polar-
izers and retarders.

The mechanistic understanding of the 
selective detection of circularly polarized 
light (CPL) by chiral semiconductors is 
still incomplete. Various mechanisms 
have been proposed, including selective 
photogeneration of electrons or holes,[20] 
generation of spin-polarized carriers com-
bined with spin-dependent transport and 
collection,[21–23] the circular photogalvanic 
effect,[24–27] and differential absorption of 

left- and right-circularly polarized light (L- and R-CPL).[28–30] 
A key performance parameter in the detection of CPL is the 
photocurrent dissymmetry factor g = 2(IL – IR)/(IL + IR), where 
IL and IR denote the photocurrent generated under illumina-
tion with L and R-CPL of exactly equal intensity. This degree 
of CPL selectivity in photoresponse may be compared to the 
corresponding dissymmetry factor for the selective absorp-
tion of light (gabs = 2(αL – αR)/(αL + αR) with α the absorption 
coefficient) by the chiral semiconductor. A number of studies 
reported g and gabs having the same sign.[28–32] Yet, perhaps 
counterintuitively, opposite signs for g and gabs were found for 
some materials.[33–36] It was also found that g can change sign 
depending on the thickness of the active layer.[33]

Herein, we report on the circular selective photoresponse 
of semi-transparent bulk-heterojunction (BHJ) organic pho-
todiodes in the near-infrared range.[37,38] The BHJ comprises 
an enantiomerically pure non-fullerene acceptor and an 
achiral π-conjugated polymer (see Figure  1). The use of semi-
transparent contacts allows us to measure the photoresponse 
for two opposite directions of illumination of the same cell. 
We find opposite signs for the short circuit photocurrent dis-
symmetry factor (gsc, i.e., g at zero bias) under these two illu-
mination geometries. Moreover, the dissymmetry ratios are 
found to vary in magnitude depending on the intensity of the 
illumination. These findings can be qualitatively explained by 
a device model involving circular selective absorption of light 
by the chiral material in combination with carrier extraction 
from only a narrow active zone in the active material. The 
results suggest that chiroptical properties in combination with 
charge transport characteristics determine which handed-
ness of light is preferentially detected by organic photodiode  
detectors.

Detection of the circular polarization of light is possible using chiral semicon-
ductors, yet the mechanisms remain poorly understood. Semi-transparent 
chiral photodiodes allow for a simple experiment to investigate the basis of 
their selectivity: changing the side from which the diode is illuminated. A 
reversal of circular selectivity is observed in photocurrent generation when 
changing the direction of illumination on organic, bulk-heterojunction cells. 
The change in selectivity can be explained by a space-charge limitation on the 
collection of photocarriers in combination with preferential absorption of one 
of the circular polarizations of near-infrared light by the chiral non-fullerene 
acceptor. The space-charge limitation is supported by detailed measurements 
of frequency and intensity dependence of dc and ac photocurrents.

Research Article
﻿

1. Introduction

The polarization of light carries information. The circular polar-
ization of light is of vital importance in quantum communica-
tion, remote sensing, drug screening, and 3D display.[1–5] Chiral 
organic π-conjugated molecules have emerged as fascinating 
semiconducting materials that may be used to generate and 
detect light of one particular circular polarization.[6–10] Espe-
cially, non-fullerene acceptors with excellent optical and elec-
tronic properties are considered as promising candidates for 

© 2023 The Authors. Advanced Materials published by Wiley-VCH 
GmbH. This is an open access article under the terms of the Creative 
Commons Attribution License, which permits use, distribution and repro-
duction in any medium, provided the original work is properly cited.
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2. Results and Discussion

2.1. Semi-Transparent Bulk-Heterojunction Diodes

Bulk-heterojunction diodes involving a chiral acceptor based on 
the thienothienopyrrolo-thienothienoindole (BTP) core func-
tionalized with enantiopure, 3,7-dimethyloctyl side chains, and 
achiral PM6 polymer donor were studied (Figure 1). For details 
on synthetic procedures, see the Experimental Section in Sup-
porting Information. Matched energy levels and complementary 
absorption for chiral acceptors and polymer donors enable effi-
cient exciton generation and charge separation (Figures S1–S3, 

Supporting Information). A donor:acceptor blend ratio of 1:9 
in weight was chosen as a compromise between a high selec-
tive absorption of circularly polarized light with high acceptor 
loading and high quantum efficiency for photocurrent gen-
eration with balanced donor–acceptor content.[39,40] External 
quantum efficiencies (EQE) for photocarrier collection under 
illumination with low intensity, near-infrared light at short 
circuit conditions as high as 0.5 and 0.6 could be achieved for 
diodes with respectively inverted and conventional architecture, 
resulting in a high responsivity of 0.35 and 0.40  A  W−1 (see 
Figure 1; Figure S4, Supporting Information). Additional photo-
voltaic properties are listed in Tables S1 and S2 (Supporting 

Adv. Mater. 2023, 35, 2209730

Figure 1.  a) Chemical structure of the chiral acceptor and achiral polymer donor used in the bulk heterojunction. b,c) Architecture of the semi-trans-
parent, bulk-heterojunction diodes. d,e) External quantum efficiencies of the bulk-heterojunction diodes with inverted and conventional architecture 
made with enantiomerically pure (S,S)- or (R,R)-BTP-4F acceptor under low light level illumination. Diodes of inverted structures with different thick-
nesses of PM6:(S,S)-BTP-4F were studied.
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Information). The most important figure of merit of semi-
transparent diodes, average visible transmittance, evaluated 
from their transmittance spectra varied from 24% to 10% with 
the thickness increasing from 65 to 140  nm (Figure S5 and 
Table S3, Supporting Information). Diodes containing only 
acceptors generate a low short-circuit photocurrent with an 
EQE that is 20 times lower compared to the 1:9 D:A bulk het-
erojunction. Hence, we conclude that charge carriers in the 1:9 
heterojunction are predominantly generated via exciton disso-
ciation at the D:A interface.

For the diodes shown in Figure 2, we have determined the 
dissymmetry factor for short circuit photocurrent under L 
and R-CPL, gsc  = 2(Isc

L  −  Isc
R)/(Isc

L  +  Isc
R). In these measure-

ments, we used the light of 830  nm wavelength from a laser 
diode that was modulated between L and R circular polariza-
tion using a photoelastic modulator operating at 50  kHz. For 
each of the four different cell types, we observe that the sign 
of gsc inverts when we change the direction of the incoming 
light from bottom to top. Reassuringly, gsc values for diodes 
with acceptors of opposite absolute stereochemistry are similar 
in magnitude but opposite in sign for both architectures. Fur-
thermore, we find that the absolute magnitude of gsc increases 
when raising the intensity of the incoming light from 3.6 to 40 
and to 60 mW cm–2.

Further experimental support for an intensity dependence 
of gsc is shown in Figure 3. This intensity dependence proves 
to be most pronounced in diodes with a thick BHJ layer 
(140  nm, see Figure  3a; Figure S6, Supporting Information). 
The gsc increases continuously with increasing photon flux, as 
observed for both enantiomers of the chiral acceptor (Figure 3b; 
Figure S7, Supporting Information).

2.2. Space-Charge Limitation on Carrier Collection

In order to better understand the response of these diodes with 
highly imbalanced donor:acceptor ratio,[41–46] we have character-
ized the photocurrents of inverted PM6:(S,S)-BTP-4F diodes 
under illumination from the bottom side in detail (Figure S8, 
Supporting Information). Because of the skewed donor:acceptor 
ratio, one could expect an imbalance in the mobilities of posi-
tive and negative charge carriers that may cause a limitation in 
the collection of the slowest carrier due to the built-up of space-
charge.[41–45] Charge carrier mobilities in diodes with different 
D:A ratios were determined from space-charge limited conduc-
tion (SCLC) measurement using single-carrier devices. With the 
decrease of PM6 content, the hole mobility also decreases. The 
electron and hole mobilities were calculated to be 20.6  ×  10−4 
and 0.63 ×  10−4  cm2 V−1  s−1 for the 1:9 blends. (Figure S9 and 
Table S4, Supporting Information). The µe is almost 33 times 
higher than the µh, fulfilling the requirement of strongly unbal-
anced transport for a space-charge limitation (SCL) on current 
collection. We indeed find evidence for such space-charge lim-
ited photocurrents, see Figure 4.

Following Mihailetchi et  al.,[41] we first looked into how the 
photocurrent density Jph  = J  − Jdark varies as a function of the 
effective applied bias Veff  = V0  − V, with V0 the compensation 
voltage at which Jph  = 0, see Figure  4a . We find a square-root 
dependence of Jph on the Veff as indicated by the inclined red 
lines. The square-root trend is more obvious at higher light inten-
sity. However, for the balanced D:A blends(1:1.2) no such square-
root dependent region is observed (Figure S10, Supporting Infor-
mation). Such a square-root dependence indicates either space-
charge limited or recombination-limited photocurrent.[41,47]

Adv. Mater. 2023, 35, 2209730

Figure 2.  Dissymmetry factor for short-circuit photocurrent gsc under illumination with L- and R-CPL of 830 nm wavelength with different intensities 
a) inverted PM6:(S,S)- BTP-4F diode, d = 140 nm, b) conventional PM6:(S,S)- BTP-4F diode, d = 143 nm c) inverted PM6:(R,R)- BTP-4F diode, d = 136 nm, 
d) conventional PM6:(R,R)-BTP-4F diode, d = 147 nm. The black symbols refer to illumination via the bottom contact through the glass support, the 
red symbols to illumination from the top side. Error bars represent the standard error of the mean.
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The space-charge limited regime can be distinguished from 
the recombination-limited case based on the light intensity 
dependence of the photocurrent. If the photocurrent is SCL, it 
should follow:[41]

ε ε µ=








J q

q
G Vph

9

8
0 r h

1/4

3/4 1/2 � (1)

where q is the elementary charge, G is the charge carrier gen-
eration rate, ε0εr is the dielectric permittivity, and µh is the 
mobility of the carrier with the longest lifetime, here the hole.

In Figure 4b, the variation Jph with light intensity is shown 
for two different effective bias voltages, one in the square-root 
regime and the other in the saturation region. At Veff = 0.4 V in 
the square-root region, we find Jph ∝ Iα with α = 0.78, while for 
bias in the saturation regime (Veff = 2.5 V) a power α = 1.04 is 
obtained. The proportionality of Jph with light intensity to the 
power 3/4 at low effective bias is consistent with Equation  (1), 
indicating a space-charge limitation on the current collection 
for small effective voltages. For the recombination limited 
case, a linear dependence (α = 1) is expected[41] at variance with 
the experiments at Veff = 0.4 V. In addition, the variation of the 
saturation voltage (Vsat) at which Jph switches from the square-
root to the saturation regime, also supports a space-charge 
limitation. We find Vsat ∝ Iα with α = 0.51 from the double loga-
rithmic plot (Figure 4c). In contrast, Vsat is expected to be inde-
pendent of light intensity in the recombination-limited case.

Further information on the width L of the space charge can 
be obtained from ac photo-capacitance measurements near 
open-circuit conditions.[48,49] For the case of space-charge lim-
ited photocurrent collection one predicts:

ε ε=C
A

L
r

p
0 � (2)

With Cp the equivalent parallel capacitance and A the device 
area and L the width of the space charge zone. Note that here 
L varies with light intensity and bias voltage. Based on Equa-
tion  (2), an experimental estimate of L can be obtained from 
L = d C0/Cp with C0 the equivalent parallel capacitance in dark 
and d the total thickness of the bulk heterojunction layer.

First, we check the validity of the space-charge limitation 
model for the ac-admittance. The equivalent parallel conduct-
ance (Gp) and capacitance (Cp) were recorded as a function of 
the frequency and illumination intensity by applying a small ac 
oscillating bias voltage of 50 mV and a dc bias voltage equal to 
the Voc at the particular light intensity (Figure 4d,e). Expression 
for Gp and Cp for the case of space-charge limited photocurrent 
are:

ε ε µ=








 −G qA

q
G V

9

8
p

0 r h

1/4

3/4 1/2 � (3)

ε ε
µ

=








 −C A

q
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8

9
p 0 r

3/4

h

1/4

1/4 1/2 � (4)

The relaxation time τp is the ratio of Cp and Gp:[48]

τ ε ε
µ

= =








 −C

G q
Gr8

9
p

p

p

0

h

1/2

1/2 � (5)

The variation of relaxation time with frequency under dif-
ferent light intensities is shown in Figure 4f. At low-frequency 
(1000  Hz), Gp, Cp, and τp follow power law dependencies on 
light intensity with exponents of +0.73  ±  0.03, +0.22  ±  0.01, 
and −0.51  ±  0.02, respectively. These experimental values are 
in close agreement with the predicted exponents of +3/4, +1/4, 
and −1/2 for the variation of Gp, Cp, and τp, respectively, with 
generation rate, see Equations (3–5).

In summary, detailed analysis of the photocurrents supports 
a space-charge limitation of carrier collection at higher illumi-
nation intensities. This behavior indicates that photocarriers 
generated across the bulk heterojunction can only be collected 
efficiently out of a thin active zone adjacent to the hole col-
lecting contact, because of the low mobility of holes compared 
to electrons. Thus, only a limited zone of the total BHJ layer 
contributes to the photocurrent.

2.3. Mechanism and Optical Modeling

The experimental evidence for only a thin zone of the total 
BHJ being active in carrier collection can be incorporated 
into a model that can qualitatively explain the sign inversion 
of gsc with illumination direction as well as the dependence 
of gsc on the incoming intensity. This model is represented 
schematically in Figure 5. The scheme pertains to diodes with 
inverted geometry and incorporating the (S,S) acceptor. In such 
diodes, we expect that only carriers generated in a thin zone 
next to the hole collecting MoO3 contact will contribute to the 

Adv. Mater. 2023, 35, 2209730

Figure 3.  The dependences of gsc on the thickness of the bulk hetero-
junction layer and light intensity for inverted diodes illuminated via the 
bottom contact. a) Cells with PM6:(S,S)-BTP-4F. b) Cells with 140 nm thick 
BHJ layer with either (S,S)- or (R,R)-BTP-4F acceptor. Error bars represent 
the standard error of the mean (n = 10).
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photocurrent, as explained above. This active zone is indicated 
schematically by the filled blue rectangle in Figure 5.

If the absorption coefficient of the (S,S)-bulk heterojunction 
for L-CPL is higher than for R-CPL, then photons absorbed in 
this active zone from a light beam entering via the adjacent, 
hole collecting contact, will have predominantly L polarization. 
In contrast, for light entering via the opposite, electron col-
lecting contact, photons absorbed in the active zone will have 
majority R circular polarization because most of the L polar-
ized photons will already have been absorbed by the part of the 
heterojunction that is not effective in producing extractable car-
riers. Hence, based on this simple reasoning, one expects an 
inversion of the sign of gsc upon changing the direction of the 
incoming light.

The model proposed in Figure  5 can, in a qualitative way, 
also account for the intensity dependence of gsc. To illustrate 

this, we first model the absorption of photons in the active 
zone of PM6:(S,S)-BTP-4F diodes as a function of the width L 
of the active zone. First, we discuss a simplified model where 
the intensity IL(R) of L(R)-CPL in the active layer decreases 
exponentially as it propagates through the heterojunction 
layer according to IL(R)(x)/I0  = exp(-αL(R)⋅x). Here, the extinc-
tion coefficients αL and αR are calculated from the imaginary 
part of the refractive index κ  = 0.9 at 830  nm as determined 
from spectroscopic ellipsometry via α = 4πκ/λ0 and assuming 
gabs = 2(αL – αR)/(αL + αR) = +0.015. The simple analytic expres-
sion for the intensity of the light then allows for straightfor-
ward numerical estimation of the number of absorbed photons 
in the active zone with thickness L.

Assuming then that all photons absorbed in the active zone 
contribute a collected carrier while all photons absorbed outside 
the active zone contribute none, gsc can be computed directly, 

Adv. Mater. 2023, 35, 2209730

Figure 4.  Opto-electronic characterization of an inverted PM6:(S,S)-BTP-4F diode with 140 nm thick active layer, illuminated from the bottom side 
(through the glass support) with light of 730 nm from an LED. a) Dependence of photocurrent Jph on Veff for different light intensities. The red solid 
lines shows Jph ∝ Veff

1/2 and the red dashed lines indicate the saturation regime. b) Jph at Veff = 0.4 V (square-root regime) and at Veff = 2.5 V (satura-
tion regime) as a function of light intensity. c) Dependence of Vsat extracted from the crossover of square-root and saturation region on light intensity. 
d–f) The dependence of Gp, Cp, and τp on frequency under different light intensity of inverted PM6:(S,S)-BTP-4F diodes with a thickness of 140 nm. 
g–i) The dependence of Gp, Cp, and τp at 1000 Hz on light intensity.
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see Figure  6. This simple model indeed predicts oppositely 
signed gsc when reversing the direction of illumination, pro-
vided that the width of active zone L is <110  nm for a diode 
with a 140  nm thick BHJ layer. We note that this simplified 
optical modeling neglects any internal reflection of light within 
the diode and also any absorption in layers other than the BHJ. 
Detailed optical modeling using the transfer matrix method 
confirms the validity of these simplifications; see the half-moon 
symbols in Figure 6 (Supporting Information).

To compare these model predictions with experimental gsc 
values, we first estimate the width L of the active zone in the 

diode from the photocapacitance measurements shown in 
Figure  4e following the simple relation L  = d (C0/Cp) with d 
the total thickness of the BHJ layer, Cp the parallel capacitance 
at 105  Hz, and C0 the corresponding capacitance in dark. The 
results are shown as blue squares in Figure 6. As can be seen, 
the model calculations reproduce the experimentally observed 
trend of increasing gsc with increasing illumination in a quali-
tative manner. The experimental data suggest a much steeper 
variation of gsc with the width L of the active zone than pre-
dicted via optical modeling. From this disparity, we infer that 
the propagation of circularly polarized light through the bulk 
heterojunction may be more complicated than assumed in our 
optical model. Local optical anisotropies in the bulk heterojunc-
tion, selective scattering, and reflection, as well as perhaps non-
local interaction of the electromagnetic wave with the material, 
may need to be considered.

3. Conclusion

The semi-transparent chiral organic photodiodes developed 
here can be illuminated for both sides and generate photo-
current with high quantum efficiency. The sign reversal of the 
selectivity for L and R-CPL when changing the direction of the 
incoming light shows that the selectivity is not determined 
by a single, chirality-dependent parameter of the material, 
but must involve a convolution of several mechanistic steps. 
Here, we have argued that selectivity in the absorption of left 
and right polarized photons in conjunction with selectivity in 
the collection of photogenerated carriers depending on how 
close they are generated to the hole collecting contact can, in 
a qualitative manner, account for the sign reversal of the selec-
tivity. Our findings suggest that further optimization of chiral 
organic photodetectors for detection of the circular polarization 
of light requires careful evaluation of the interdependence of 
elementary reaction steps in the detection sequence such as 
photon absorption, carrier generation, and carrier collection. 
In particular, the intensity dependence study here has shown 
that g can increase at the expense of a lower EQE. Improving 
both g and EQE may be feasible through the often neglected 

Figure 5.  Model proposed for photogeneration and collection of car-
riers in the PM6:(S,S)BTP-4F bulk heterojunction. Carriers are generated 
throughout the heterojunction. Yet, due to the low mobility of holes, only 
those carriers generated close to the hole collecting contact (MoO3) in 
the space charge zone can be harvested.[47] Illumination via the hole col-
lecting contact results in preferential absorption of L-CPL in the active 
zone for carrier collection (filled blue rectangle), if the extinction coef-
ficient for absorption of L-CPL light by the PM6:(S,S)-BTP-4F is higher 
than for R-CPL. Illumination of the BHJ via the electron collecting contact 
(ZnO) will result in a higher carrier generation rate in the active zone 
upon illumination with R-CPL, because most of the L-CPL has already 
been absorbed by part of the BHJ that is inactive in carrier collection.

Figure 6.  Short circuit photocurrent dissymmetry factor gsc for PM6:(S,S)-BTP-4F diodes with inverted architecture as function of the width L of the 
zone active in carrier collection and carrying net space charge. The half-moon symbols show values predicted from modeling transmission, reflection, 
and absorption of the full stack of layers combined with a dissymmetry factor of the extinction coefficients α for L and R-CPL, gabs = +0.015. The dashed 
line refers to simplified modelling where only absorption in the active layer is included. The blue squares represent experimental gsc values against L 
estimated from measurements of the high frequency (105 Hz) ac capacitance under illumination at open circuit, see Figure 4e. a) illumination from the 
bottom side through the glass support. b) Illumination from the top side.
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dependence of gabs on wavevector. The very high refractive index 
near a narrow, intense absorption band will induce a short-
ening of the wavelength inside the material, allowing short-
range helicity in the narrow confines of the bulk heterojunction 
geometry to contribute to a large circular differential response.
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