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performance and device design. This is 
particularly relevant to upcoming tech-
nologies such as visible light communica-
tion (VLC) which aims to provide indoor 
navigation in buildings, direct and secure 
optical data links as well as high-speed 
communication by using ambient lighting 
to transmit data.[3,4] In the scope of multi
channel communication, high require-
ments in terms of spectral selectivity 
should be met in addition to a fabrication 
route compatible with future mobile and 
wearable devices based on lightweight 
and flexible electronics. Organic photo
diodes (OPDs) are particularly well suited 
for this purpose since the synthetic flex-
ibility of the materials can be exploited 
to tailor a specific device figure of merit 
such as their spectral selectivity.[5–10] Very 
recently, this energetic tunability allowed 
record efficiencies of 26% for indoor light 
harvesting to be reached.[11] Addition-
ally, their processability via printing tech-
niques enables high-throughput additive 

manufacturing on thin and mechanically flexible substrates 
with full freedom of design.[12–15] Previous studies have shown 
that printed OPDs can compete with commercial photodiodes 
based on inorganic materials in terms of responsivity, dark 
current and linear dynamic range.[16–21] However, in their 
great majority, these OPDs utilize active layers developed for 
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Light detection represents one of the fundamental pillars of 
modern technology as it enables a variety of everyday appli-
cations in optical communications, medical diagnostics and 
imaging systems.[1,2] In order to match the required bench-
marks of these technologies, the detector characteristics need 
to be tailored to the final application in terms of optoelectronic 
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photovoltaic applications and are therefore designed to have a 
broad absorption range which aims to match the solar spec-
trum.[14] As such, these devices have relied on device engi-
neering approaches to limit their spectral responsivity range. 
Recently, solution-processed wavelength selective OPDs have 
been realized by means of: i)  optical filtering,[5,22] ii)  charge 
collection narrowing,[23–25] and iii)  cavity enhanced absorp-
tion.[26–28] All of these techniques have demonstrated wave-
length selective responsivity and enabled successful application 
in color reconstruction or IR-spectroscopy. However, all three 
approaches present challenges that limit their technological 
transfer toward industrially relevant printing techniques. 
These challenges include: i)  additional layers and processing 
steps, ii) time investment in ink formulation for different 
active layers, and iii) high optical quality demands regarding 
layer homogeneity and thickness.

Here we present a filterless concept for inkjet-printed  
color-selective OPDs which exploits the selective absorption of 
a bulk-heterojunction (BHJ) system comprised of a transparent 
wide-bandgap polymer donor and nonfullerene acceptors 
(NFAs). In this approach, the device spectral response solely 
depends on the choice of the NFA while the polymer donor 
dictates the rheological properties of the ink. This removes 
any interdependence between processing parameters and the 
optical properties of the active layer thereby eliminating the 
need for new ink formulations when selecting a different NFA. 
Using transient absorption (TA) measurements and analytical 
transmission electron microscopy (ATEM), we show that these 
novel BHJs fulfill the required prerequisites from an energetic 
and morphological perspective and therefore show efficient 
exciton separation and charge extraction. The printed OPDs 
exhibit complementary responsivities >102 mA W−1 in the blue/
green and red visible spectral range without the need for addi-
tional optical filtering. This state-of-the-art response combined 
with high bandwidths in the MHz range allows effective appli-
cation in a VLC system. In this system, the color selectivity of 
the devices enables successful de-multiplexing of optical signals 
simultaneously transmitted at different wavelengths without 
any additional optical filters.

Figure 1a shows the absorbance spectra as well as chemical 
structures of the chosen active layer materials, i.e., the pristine 
polyindenoflurorene-8-triarylamine (PIF) and its (1:1) blends 
with the NFAs IDFBR and ITIC-4F. It can be observed that the 
contribution of PIF to the layer absorption is limited to the UV 
range of the spectrum, while the absorption range in the visible 
region is defined solely by the NFA. As observed in Figure 1b, 
this absorption governs the spectral responsivity of the OPDs 
under operation and thus, the extent of their color selectivity. 
At a bias voltage of −8  V, the spectral responsivity of the 
PIF:IDFBR devices reaches 72 mA W−1 and ranges from 450 to 
600 nm. The device containing ITIC-4F achieves 229 mA W−1 
and mainly absorbs above 600 up to 800 nm, reaching the NIR 
wavelength window. The respective responsivities are compa-
rable or even outmatch previously demonstrated color-selective 
photodiodes based on organic or perovskite active layers dem-
onstrating the potential of these nonconventional BHJ systems 
(see Table S1 in the Supporting Information).[6] A photograph 
of the inkjet-printed multicolor array with “red” and “blue” 
OPDs is shown in the inset of Figure  1b. The blue and red 

colors of the devices originate from the respective red and blue 
light absorption of PIF:ITIC-4F and PIF:IDFBR.

Figure 1c depicts the viscosity of the pristine PIF ink formu-
lation to which the NFAs were added at a 1:1 ratio. It can be 
observed that upon addition of the NFAs, the viscosity of the 
solution is minimally altered within less than ±5% of the PIF 
value whereas the color change in the solutions is clearly vis-
ible. This feature allowed a simplified process development 
where the printing parameters are developed only for the pris-
tine PIF ink and transferred without additional adjustment to 
the color-selective inks (see Figure S1 in the Supporting Infor-
mation). This effective decoupling of the optical characteris-
tics from the ink properties enables considerable reduction of 
processing complexity and enhanced spectral versatility as the 
ink-formulation only needs to be carried out once for various 
color-selective OPDs. Furthermore, the presented approach can 
be transferred to other transparent polymer donors and NFA 
combinations as shown in Figure S2 (Supporting Information).

Generally, the functionality of BHJ systems does not only 
rely on strong and selective absorption of the active layer but 
also on an efficient exciton separation and charge extraction at 
the electrodes. Both are assisted by a favorable intermixed mor-
phology.[29] We assume that the energetic alignment requires 
a HOMO energy offset (ΔEHOMO) between the PIF and the 
used NFAs to facilitate successful exciton separation and hole 
injection from the NFAs to PIF. The energy levels of the three 
materials are schematically displayed in Figure  2a. Previous 
studies report HOMO levels of 5.5, 5.7, and 5.8 eV for PIF,[30] 
ITIC-4F,[31] and IDFBR,[32] respectively, which would result in 
ΔEHOMO of 0.2 eV for PIF:ITIC-4F and 0.3 eV for PIF:IDFBR.

The morphology of the respective systems was investigated 
by ATEM which was successfully used in the past to visualize 
the material distribution of fullerene[33,34] and nonfullerene[35] 
based BHJ blends for organic photovoltaics. ATEM uses the 
difference in optical excitations of the respective materials in 
the blend. These differences are measured by electron-energy-
loss spectroscopy of transmitted electrons through enriched 
or mixed phases. It allows variations in the local materials 
phase distribution of the active layer to be spatially resolved 
with nanoscale resolution.[33] The electron-energy-loss spectra 
for the pristine PIF, ITIC-4F and IDFBR as well as evaluation 
details are provided Figure S3 in the Supporting Information. 
The material distribution maps were obtained by a machine 
learning approach on a series of energy-filtered images showing 
variations in optical excitations.[33,36] Figure  2b,c shows the 
resulting maps, denoting pristine and intermixed phases for 
the PIF:ITIC-4F and PIF:IDFBR systems, respectively. A clear 
difference is visible between the two blends demonstrating a 
significantly larger intimate intermixing of the PIF:ITIC-4F 
blend compared to that of the PIF:IDFBR layer. Visible domain 
sizes in the range of 10–20 nm for ITIC-4F are expected to be 
sufficiently small for exciton diffusion to polymer molecules. 
On the other hand, due to the larger domains of the PIF:IDFBR 
blend in the range of 30–50  nm one would expect less effi-
cient charge separation and therefore the slightly lower spec-
tral responsivity compared to PIF:ITIC-4F. However, steady 
state photoluminescence measurements of the blends show 
a quenching efficiency above 92% for both NFAs upon addi-
tion of the PIF (see Figure S4 in the Supporting Information) 
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confirming an efficient separation of the excitons generated 
in the NFAs. In order to investigate the underlying electronic 
processes including exciton diffusion, exciton separation and 
charge injection we studied the two blends by TA. Figure 2d,e 
shows the TA spectra of the two blends obtained at different 
time delays after excitation of the acceptor (650 nm for ITIC-4F 
and 500 nm for IDFBR). The TA spectra of the corresponding 
neat NFA films at 1  ps are shown for comparison as a black 
line. For ITIC-4F, it consists of a weak photoinduced absorp-
tion (PIA) band below 570  nm, of the acceptor ground-state 
bleaching (GSB) in the 570–720 nm region, and of the stimu-
lated emission overlapping with the GSB above 700  nm. For 
IDFBR, the acceptor GSB is seen as a clear negative band 
below 590 nm, followed by a broad stimulated emission band 
(590–720 nm) and some PIA above 720 nm. At the earliest time 
delay of 0.2 ps, the TA spectra of the two blends have a com-
parable shape as the ones of the photoexcited neat acceptors, 
confirming selective excitation of the NFA. The GSB as well as 

the stimulated emission are blue shifted for both blends com-
pared to the neat NFA films, which is likely due to a different 
molecular packing and electronic environment. Moreover, we 
observe a gradual quenching of the stimulated emission sig-
nals in the blends, which is accompanied by an increase of 
the PIA signal in the range of 470–570  nm for PIF:ITIC-4F 
and 600–740  nm for PIF:IDFBR (insets of Figure  2d,e). The 
quenching of the stimulated emission and rise of the PIA 
bands due to photogenerated charges are representative of effi-
cient hole transfer from both excited NFAs to the PIF donor.

In both blends, the spectral changes due to the hole transfer 
process start immediately after photoexcitation and extend 
to about 10–20  ps for PIF:ITIC-4F and to about 5–10  ps for 
PIF:IDFBR, showing that the hole transfer occurs over a 
broad range of time scales. Using multiexponential global 
analysis[37] (see details in Figures S6 and S7 in the Supporting 
Information), we find time constants of 0.3 and 9  ps for the 
hole transfer in PIF:ITIC-4F, compared to 0.5 and 3.8  ps in 
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Figure 1.  a) Absorbance spectra of the presented material systems comprised of a transparent polymer donor and different NFAs. The latter controls 
the absorption properties of the blend. The chemical structures of the various materials are shown. b) Spectral responsivity of inkjet-printed devices 
with the NFAs IDFBR and ITIC-4F realizing green/blue and red selective OPDs, respectively. The inset shows a photograph of the digitally printed dual 
color array. The device area is 1 mm2. c) The viscosities of the different ink formulations used in this work. The inks are based on a 20 g L−1 solution 
of PIF in chlorobenzene. For the blends, NFAs are added at a mass ratio of 1:1.
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PIF:IDFBR, confirming the slightly faster hole transfer rate 
in the latter blend. In general, both ultrafast (<1  ps)[38–40] and 
slower hole transfer (<100 ps) times[41–44] have been shown for 
high-performance NFA-based systems. The ultrafast compo-
nent is typically related to the intrinsic hole transfer rate, which 
is impacted by molecular parameters such as the driving force 
for charge transfer, while the overall (slower) hole transfer rate 
can be multiphasic and limited by exciton diffusion over var-
ious distances in the complex morphology of the blends. Since 
the driving forces for hole transfer are comparable in the two 
blends investigated here (Figure 2a), the intrinsic hole transfer 
rates take place at the same time scale. Regarding the diffu-
sion-mediated hole transfer, the slightly faster dynamics and 
larger donor–acceptor domains (Figure 2b,c) of the PIF:IDFBR 
blend suggest a higher exciton diffusion coefficient compared 
to that of PIF:ITIC-4F. The dynamics of geminate recombina-
tion losses were extracted from the GSB and PIA signatures 
at long time delays. Both characteristics show a slightly more 
pronounced decay in the PIF:ITIC-4F blend independent of 
the excitation wavelength (Figure S7, Supporting Information). 
This is confirmed from the global analysis, which shows a faster 
recombination in PIF:ITIC-4F (430  ps) than in PIF:IDFBR 

(1.2  ns). The reduced recombination rates, in combination 
with the suggested higher exciton diffusion coefficient explain 
the successful exciton separation and charge extraction for the 
PIF:IDFBR system regardless of the larger phases compared to 
PIF:ITIC-4F. For completeness, the dynamics of the electron 
transfer from PIF to the NFAs are also investigated and pre-
sented in Figure S5 (Supporting Information). Electron transfer 
components of 0.2 and 0.8 ps in PIF:ITIC-4F and of 0.2 ps in 
PIF:IDFBR are observed. Such ultrafast electron transfer is 
expected for efficient BHJ blends, especially considering the 
high driving forces as are present here (>1 eV; Figure 2a).[45]

The energetic and morphological characteristics imply that 
both material systems comply with the requirements of an 
efficient BHJ. Figure  3a–c displays the resulting steady state 
figures of merit of OPDs comprised of inkjet-printed PIF:NFA 
active layer on an inkjet-printed electron extraction ZnO layer 
complemented by an evaporated MO3 hole extraction layer 
and Ag electrode. In the dark, both ITIC-4F and IDFBR-based 
devices show rectifying current–voltage curves, characteristic 
for diode behavior (Figure 3a). Dark currents below 10 nA cm−2 
are observed for a bias voltage of −1  V and only increasing 
to ≈200  nA  cm−2 at −5  V, demonstrating successful charge 
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Figure 2.  a) Schematic of the energy levels of the materials system. The exciton generated in the NFA splits at the interface between polymer and NFA 
molecules and the hole is injected to the HOMO of PIF. b,c) Material distribution maps obtained from ATEM spectral analysis of PIF:ITIC-4F (b) and 
PIF:IDFBR (c). Blue and red represent ITIC-4F and IDFBR domains, respectively. PIF domains are the yellow areas and the interfacial phases are dark 
gray in both images. Scale bars represent 100 nm. d,e) TA spectra recorded at different time delays after excitation of the acceptor, for PIF:ITIC-4F (d) 
and PIF:IDFBR (e) blends, with 650 and 500 nm excitation, respectively. The TA spectra of the pristine NFAs with excitation at the same wavelengths are 
shown as a black line for comparison. The insets show the stimulated emission dynamics of each blend compared to ones of the respective pristine NFAs.
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blocking of the device stack and high layer quality preventing 
hot spots prone to breakdown. The lower forward current for 
the IDFBR device suggests a lower charge injection from the 
ITO/ZnO electrode to the NFA, which is presumably related to 
the increased energy barrier originating from the higher LUMO 
energy compared to that of ITIC-4F. However, no negative influ-
ence is visible in the photodiode regime (i.e., reverse biased 
junction) where the OPDs are operated. Upon illumination the 
current increases linearly with incident light intensity as shown 
in Figure  3b for a bias voltage of −2  V (corresponding cur-
rent–voltage characteristics are shown in Figure S9 in the Sup-
porting Information). It can be observed that the device current 
is limited by the dark current floor, whereas the expected satu-
ration in the high intensity range is not reached for the optical 
incident powers used in this experiment. Therefore, the linear 
dynamic range (LDR) can be estimated to be >120 dB for both 
devices which corresponds to typical values reported in other 
high-performance OPDs.[46–48] Figure  3c displays the effect 
of bias voltage on the spectral responsivity of the two devices 
by normalizing the response spectra of ITIC-4F and IDFBR 
devices at various bias voltages to the corresponding spectrum 
obtained at −8 V bias. The absolute spectral responsivity curves 
are depicted in Figure S9 in the Supporting Information. OPDs 
using PIF:ITIC-4F exhibit an overall higher spectral respon-
sivity starting from 72 mA cm−2 at 0 V to 229 mA cm−2 at −8 V. 
These values correspond to external quantum efficiencies 
(EQE) of 12% and 38%, respectively (see Figure S9 in the Sup-
porting Information). IDFBR devices show a much stronger 

effect of the bias voltage on the responsivity, leading to a 12-fold 
increase from 6 to 73  mA  cm−2, equivalent to 1.3% and 17% 
EQE. This suggests a strongly enhanced charge extraction upon 
applying a reverse voltage. Since the transmission rate of the 
signals depends on the dynamic performance of the devices, 
we also analyze the device characteristics as a function of fre-
quency. In general, for photodetectors, the spectral responsivity 
declines for high frequencies due to limitations in the charge-
carrier transit times and the device RC characteristics.[49] The 
frequency where the output power reaches 50% of the DC 
response is termed the −3dB bandwidth or the cutoff frequency. 
As seen from Figure 3d, the devices show cutoff frequencies of 
1.5 and 3.5 MHz under a bias voltage of −2 V for the PIF:ITIC-
4F and PIF:IDFBR OPDs, respectively. Furthermore, switching 
times of 2.5 and 1 µs are measured to switch from 10% to 90% 
of the amplitude. These values are among the highest values 
reported for solution processed OPDs particularly in the case of 
color-selective devices as seen in Table S1 (Supporting Informa-
tion). This case can be attributed to the favorable morphology 
and transport properties of the BHJ and a device design that 
balances transit and RC limitations.[14]

The device performance at lower frequencies, however, is 
limited by the electrical noise contributions. Typically, three 
sources of noise are distinguished: i) 1/f noise, ii) thermal 
noise and iii) shot noise.[14,50–52] While 1/f noise is frequency 
dependent and is mostly dominant for low frequencies, thermal 
and shot noise are frequency independent (i.e., white) and scale 
with the device shunt resistance and dark current, respectively. 
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Figure 3.  a) Current–voltage characteristics of the printed OPDs in the dark. The inset shows the corresponding devices stack. b) Current response 
of the devices to different light intensities at −2 V reverse bias. The dotted line represents a slope of unity. c) Responsivity spectra of the two devices 
for different reverse bias voltages normalized to the corresponding signal at −8 V. d) Cutoff frequency measurement, e) noise spectral density, and  
f) resulting frequency-dependent specific detectivity of the two printed color-selective OPDs at a reverse bias of −2 V.
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The measured noise spectral density (Snoise) of both OPDs at 
a reverse bias of −2  V is depicted in Figure  3e. Both devices 
show an almost identical noise curve with negligible difference 
compared to the 0  V measurement (Figure S10, Supporting 
Information). Furthermore, the same white noise level of 
1.4 ×  10−13 A Hz−1/2 was found for both devices by fitting the 
noise measurements with a model assuming a combination of 
a 1/f and a constant contribution.[19] The overlapping Snoise sug-
gests that the actual device noise is in the range or below our 
measurement resolution.

In order to compare the performance between different 
photodetectors, the specific detectivity D* is utilized, which is 
calculated from the spectral responsivity, the electrical noise 
as well as device area and electronic bandwidth of the meas-
urement set up.[50] Figure 3f displays D* over a large range of 
frequencies for both devices. The plateau of the fitting func-
tion in Figure  3e was used to extrapolate the noise contribu-
tion at higher frequencies. The slope of D* at lower frequencies 
stems from the dominant 1/f noise contribution. At frequen-
cies >10  Hz, Snoise approaches the white noise regime which 
translates to a constant D* of 6.9  ×  1010 and 1.1  ×  1010  Jones 
for the PIF:ITIC-4F and PIF:IDFBR based devices, respectively. 
Notably, since the true device noise might be below the meas-
urement resolution, these values serve as a lower limit for D*. 
At higher frequencies, the OPDs approach the detection speed 
limit caused by the reduction of the responsivity, and conse-
quently observe a decay in D*. The total dynamic performance 
is therefore limited by noise in the lower frequency regime and 
by the cutoff frequency in the higher frequency regime.

We designed a VLC system to demonstrate the technolog-
ical relevance and applicability of the printed color-selective 
OPDs. The spectral selectivity of the two devices was exploited 
to directly detect and demultiplex multiple simultaneously 
transmitted signals at different wavelengths with no additional 
optical filters. So far similar systems with organic devices were 
limited to one channel, indirect detection and/or have only 
been fabricated with nonscalable techniques.[53–55] We decided 
to perform the VLC transmission at 10 kHz, as this frequency 
falls into the constant D* regime. The electronic circuit con-
sists of a multiplexing stage and a demultiplexing stage sche-
matically shown in Figure 4a,b. In the multiplexing stage, two 
LEDs emitting at 530 ± 15  and 627 ± 10  nm  were separately 
driven by two different AC signals. These signals were gener-
ated by a waveform generator, a smartphone or a PC, for the 
various demonstrations where periodic or audio signals were 
used as the transmitted signal. After coupling both signals into 
an optical y-fiber, the overlaid signals were demultiplexed by 
the selective detection of printed PIF:ITIC-4F and PIF:IDFBR 
OPDs operated at short circuit and at −4.5 V, respectively. Set-
ting the devices at different operating points allows signal dif-
ferentiation at the wavelength of the green LED to be enhanced. 
The generated photocurrent was amplified and read by an 
oscilloscope, or directly connected to loudspeakers as shown in 
Video S1 in the Supporting Information. To reduce noise in the 
system, an additional 10 kHz low-pass filter was inserted after 
the light detection stage. Figure 4c shows a photograph of the 
VLC system showing the two LED sources in the background, 
the y-fiber as well as the printed dual color OPD array which 

Adv. Mater. 2020, 1908258

Figure 4.  a) Circuit schematic of the multiplexing and b) demultiplexing stage of the VLC system. A red and a green LED are utilized to transmit two 
independent signals at the same time through an optical fiber. The color-selective OPDs enable a demultiplexing of the combined signal. c) A photo
graph of the system with the two LEDs, the optical Y-Fiber as well as the printed dual color OPD array. d,e) Photographs of the oscilloscope show the 
detected signal when either the PIF:ITIC-4F (d) or the PIF:IDFBR (e) device is selected. f–h) Recorded oscilloscope signal under illumination with the 
intermixed signal of a conventional broadband OPD (f), the PIF:ITIC-4F (g), and the PIF:IDFBR device (h). The color-selective OPDs can successfully 
demultiplex the signals showing the square and triangular waveforms used to drive the LEDs.
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is simultaneously illuminated by both intermixed signals. A 
square and triangular signal with a frequency of 10 kHz were 
used to drive the LEDs. Figure  4d,e displays a photograph of 
the oscilloscope display when one of the color-selective OPDs is 
selected to detect the intermixed signal. A video of this demon
stration is provided in Video S1 in the Supporting Information. 
Figure 4f–h depicts the output electronic signals of a reference 
broadband OPD and the two color-selective OPDs, respec-
tively. The signals could be clearly detected and demultiplexed 
by the color-selective OPDs, while it cannot be separated by 
the high-performance broadband OPD printed as previously 
reported by our group.[19] Stacking of the OPDs or signal post-
processing using the complementary response could further 
improve the selectivity in future applications. We also demon-
strate a more practical (and entertaining) application of VLC by 
replacing the triangular and square inputs with two different 
audio signals connected via a 3.5  mm audio connector to the 
LED driving circuits. The oscilloscope on the readout side was 
replaced by commercial loudspeakers. Both audio signals were 
transmitted simultaneously through the y-fiber and could be 
selected freely by simply switching between the two OPDs on 
the dual color array (Video S2 in the Supporting Information). 
By using the Shannon-Hartley theorem and assuming a signal-
to-noise ratio of 1, the theoretical upper boundary for the data 
rate can be estimated from the cutoff-frequency to be as high 
as 3.5 Mbit s−1.[56] Data rates in this range would allow optical 
transmission of high-definition video content.

In summary, we have demonstrated a novel BHJ approach 
for the inkjet printing fabrication of high-performance color-
selective OPDs and its applicability to VLC. The presented 
BHJ systems comprised of the optically transparent polymer 
donor PIF and the NFAs IDFBR and ITIC-4F were analyzed 
from an energetic, as well as morphological perspective. Both 
analyses suggest the occurrence of efficient charge generation 
and separation of excitons formed in the NFA domains which 
reflects in the high wavelength-selectivity and performance of 
the presented devices. The approach effectively decouples the 
viscoelastic and optical properties of the BHJ system. Thus, it 
opens an unprecedented opportunity to simplify the printing 
process development of filterless and wavelength-selective 
OPDs. Finally, we present the first demonstration of a multi-
channel VLC system based on a dual-color inkjet-printed OPD 
array capable of directly demultiplexing various optical signals 
without the need for additional optical filters. The simplicity 
of our approach, simultaneously addressing functionality and 
fabrication, offers a general method for facile integration of 
wavelength-selective optical sensing elements in future printed 
electronic applications. Particularly, in those requiring a large 
degree of personalization, high fabrication throughput and 
cost-effectiveness such as wearable devices, mobile sensor 
nodes or healthcare monitoring systems.

Experimental Section
Active Layer Preparation: The materials were separately dissolved 

in chlorobenzene at a concentration of 20  g  L−1 (10  g  L−1 for ATEM 
samples) and stirred for at least 12 h in a nitrogen filled glovebox. Blends 
were prepared prior to deposition. For UV–vis and TA measurements, 

the materials were spin cast on glass substrates which were cleaned 
with acetone and isopropanol in an ultrasonic bath. ATEM samples of 
30  nm thickness were deposited on a PSS layer to enable the transfer 
of the layer on holey carbon grids (QUANTIFOIL) grids via a floating 
process in a demineralized water bath. For printing process evaluation 
layers were inkjet printed with a Pixdro LP50 (MeyerBurger) using 10 pL 
16 nozzle Fujifilm Dimatix cartridges. The cartridge temperature was 
set to 27 °C. The waveform and ink composition were developed for 
a pristine PIF solution and kept at the same parameters for the blend 
solutions. Ink viscosities were measured with a microfluidics rheometer 
(Rheosense m-vroc).

Layer Characterization: Layers were evaluated optically with a Nikon 
Eclipse 80i microscope and a UV–vis setup (Light source: AvaLigth-DH-
S-BAL, spectrometer: AvaSpec ULS3648). Layer thicknesses and the 
topography of printed layers were measured with a profilometer (Veeco 
Dektak 150).

TA measurements were performed under 380, 500, and 650  nm 
pulsed excitation generated from the fundamental pulses of an amplified 
Ti:sapphire laser system (35 fs, 800 nm, 1 kHz, 6 mJ, Astrella Coherent). 
The broadband white light probe pulses were generated by focusing the 
fundamental beam on a sapphire plate, then split into a reference and 
a signal component. The pump pulses were generated by frequency 
converting the fundamental beam in an optical parametric amplifier 
(OPA, Opera Solo, Coherent) and they were chopped at half the laser 
frequency. The probe and pump beams had a diameter of 1 mm  and 
260  µm, respectively, and their relative polarization was set to the 
magic angle to exclude polarization. The probe pulses were temporally 
delayed up to 2  ns relative to the excitation pulses via a micrometer 
translation stage. The signal probe pulses transmitted through the 
sample and the reference probe pulses were spectrally dispersed in two 
home-build prism spectrographs, one for the visible and one for the 
n-IR, assembled by Entwicklungsbüro Stresing, Berlin, Germany, and 
detected separately, shot-to-shot, by a pair of charge-coupled devices 
(CCD detectors, Hamamatsu S07030-0906). The TA spectra were 
corrected for the chirp of the white light probe. Measurements were 
performed in a sealed chamber under nitrogen atmosphere and signals 
are averaged over multiple repetitions.

ATEM electron energy-loss imaging and spectroscopy were performed 
with a Libra 200 MC (Carl Zeiss Microscopy GmbH, Germany) at 60 kV 
equipped with an in-column energy filter and a monochromator. EEL 
spectra were recorded from pure layers PIF, ITIC-4F, and IDFBR with 
thicknesses of around 30 nm. Spectra were normalized by the integral 
from 5 to 40  eV. ATEM energy-filtered image stacks were acquired 
from a PIF:ITIC-4F and a PIF:IDFBR layer in the range from 5 to 40 eV 
at an energy resolution of 1  eV. The total dose for each series was 
approximately 107  electrons nm−². Details on the data analysis can be 
found in the Supporting Information.

Device Preparation: OPDs were prepared on prestructured ITO glass 
substrates which were cleaned with acetone and isopropanol in an 
ultrasonic bath. A nanoparticle based ZnO ink (N10 Avantama) was 
used to print the 40 nm thick hole blocking layer on the ITO electrodes. 
After a postannealing step at 120 °C for 5 min, active blends were printed 
on top of the ZnO layer with a thickness of 200 nm. The printing pattern 
was designed to result in a 2 × 2 array of two OPDs with complementary 
responsivity ranges. Devices were finalized by postprocessing at 
140 °C for 10 min in nitrogen atmosphere and thermal evaporation of a 
molybdenum oxide/silver bilayer (30 nm/100 nm).

Device Characterization: Current voltage measurements in the dark 
and under illumination with a 500 mW  Laser (520  nm; PGL FS-VH) 
were carried out using a Keithley 2636A source measure unit (SMU). 
The same SMU was used to apply bias voltages for measurements of 
the spectral responsivity. A 450  W Osram XBO Xenon discharge lamp 
served as a broad light source, which was spectrally filtered with a 
monochromator (Acton SP-2150i). A chopper wheel modulated the 
light to allow for a measurement with a Stanford Research 830 lock-in 
amplifier. The current signal was additionally amplified with a Femto 
DHPCA-100 amplifier.

Adv. Mater. 2020, 1908258
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Noise measurements were carried out in a shielded box using an 
isolated voltage source (SIM 928) and the SMU to record the amplified 
current over time (amplifier: Femto DLPCA-200). The temporal signal is 
afterward Fourier transformed to give the noise spectral density. Details 
on this method can be found in ref. [19].

The detection speed was evaluated by recording the transient current 
with an oscilloscope (Agilent DSO 6102A) upon illumination with a 
square light signal of varying frequency. An Oxxius LBX520 diode laser 
was used as a light source and modulated by an Agilent 33522A function 
generator.

VLC System: Two LEDs (Luxeon Rebel LXML green and red) were 
driven by a PeakTech 6035D current source and simultaneously 
modulated by a signal of choice. The light signals were coupled into 
an optical y-fiber and guided to the color-selective OPDs. By manually 
switching between the OPDs, one of the transmitted signals could 
be selected. Periodic signals were recorded by the oscilloscope. For 
the audio signals, the amplified signals were directly connected to a 
commercial Harman-Kardon 695 sound system.

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