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Semi-Transparent Organic Photodiodes with Near-Infrared

Detection Fabricated by Inkjet Printing
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and Gerardo Hernandez-Sosa*

Transparent organic photodetectors are promising for applications in wearable
and communication electronics, where they can serve as imperceptible
sensors. Yet, common fabrication techniques such as spin coating and
evaporation have limited compatibility with high-throughput production and
scalability. In this work, semi-transparent and opaque organic photodiodes,
inkjet-printed on indium tin oxide electrodes, reaching a transmittance

of up to 70.6% in the visible range are demonstrated. The diode’s

active layer comprises a transparent donor polymer and Y7 as a non-fullerene
acceptor. This bulk heterojunction results in near-infrared responsivity with
maximum values of 12 + 2 mA W~' at —2 V and 840 nm for semi-transparent
diodes with Poly(3,4-ethylenedioxythiophene) polystyrene sulfonate
electrodes and 60 + 7 mA W~" for opaque devices with Ag electrodes.

The diodes exhibit high detection speeds of up to 3 MHz, making them
suitable for near-infrared communication systems for soft robotics as well

communication, healthcare, automo-
biles, and industrial automation.[!!
Organic photodiodes (OPDs) have
emerged as competitive candidates in
this field, demonstrating similar perfor-
mance to standard inorganic devices.[>”]
Moreover, OPDs offer several advantages
for next-generation applications such as
solution-processing,[®8] large area devel-
opment at low costs, > flexibility,[11-13]
high absorption coefficients,'*] and
color-selectivity.'%! These features make
OPDs particularly suitable for integra-
tion into soft robotics or electronic skins
(e-skins) where the use of inorganic
devices is limited by their bulkiness
and rigidity.!! Even when adapted, the

as wearable health monitoring, as demonstrated by pulse plethysmography.

1. Introduction

Photodetectors are essential to modern technology, finding
widespread use in numerous industrial sectors such as light
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current fabrication of flexible inorganic
photodetectors is expensive, technically
complex, and associated with perfor-
mance losses.!!!

Among OPDs, semi-transparent OPDs are especially unique
due to their combination of see-through capabilities for func-
tionality or aesthetics, and UV or near-infrared (NIR) light detec-
tion, which holds great promise for next-generation applications.
With these unique combinations, semi-transparent OPDs can fa-
cilitate the development of new wearable and health-monitoring
concepts where light detection can be achieved through imper-
ceptible devices, enabling applications such as advanced biomet-
ric devices and touchless interfaces.['-2!] Consequently, research
on semi-transparent OPDs is currently increasing, with a promi-
nent trend toward utilizing material systems initially developed
for organic solar cells (OSCs).['2%22] However, OSCs are funda-
mentally focused on a broadband photoresponse tailored to the
solar spectrum, while the specifications and relevant figures of
merit for OPDs are more diverse and application-dependent. The
focus on the energy conversion efficiency of OSCs is shifting to
tailoring and improving spectral selectivity and photoresponse
speed in the context of OPDs for advanced applications such as
pulse detection for healthcare analysis or data receivers in com-
munication systems.[513:23:24]

As reported in the literature, semi-transparent OPDs are
typically fabricated by combining suitable donor: acceptor
materials with a selective photoresponse outside the visible
range complemented by transparent conductive electrodes. For
example, Wang et al. achieved semi-transparent OPDs with UV
photoresponse and an average visible transmittance of 46.7% by
using thin films of silver and MoO, as transparent electrodes
and an active layer of poly(N-vinyl carbazole) (PVK) blended with
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4,5-bis(carbazol-9-yl)-1,2-dicyanobenzene (2CzPN).[]  Zhang
et al. used the NIR-absorbing dye Cy7-T together with Poly-C,,
as absorbing materials and indium tin oxide (ITO), Au/MoO,
as transparent electrodes to achieve an average visible transmit-
tance of 68.9%.12°1 However, all the aforementioned reports were
based on a combination of spin coating and evaporation tech-
niques, which effectively limits the large-scale manufacturing of
the devices. In contrast, Wang et al. recently demonstrated fully
vapor-deposited OPDs with an average visible transmittance of
53.4% in the NIR, therefore moving toward a more industrially
viable approach.?”] A higher transmittance was achieved by
Hadiyanto et al., who demonstrated NIR OPDs with an average
visible transmittance of 76.92% using electrodes formed from
Cu/Ag/WO, and a CIAIPc: Cy, bulk heterojunction (BHJ).!%®!
Digital printing techniques, such as inkjet printing, offer an
additional option for high-volume production of OPDs.[+2%-32]
As demonstrated by numerous studies in the literature, inkjet-
printed OPDs exhibit industry-suitable properties with important
additional benefits, such as mask-free device patterning, facili-
tated integration into advanced sensing systems, and freedom of
design for rapid prototyping and customized designs.[*-616:31:32]

In this work, we present the fabrication and characterization
of semi-transparent OPDs with NIR detection based on an inkjet-
printed BH]J active layer. In specific, a blend of the wide-bandgap
polymer polyindenofluoren-8-triarylamine (PIF8-TAA) and the
NIR-absorbing non-fullerene acceptor Y7 (also known as BTP-
4Cl) was used as the active layer. This, along with the use of an
inkjet-printed transparent PEDOT:PSS top electrode, allowed us
to achieve semi-transparent devices with an average visible trans-
mittance of 70.6% in the 380-780 nm range. These OPD devices
combine the advantages of semi-transparent sensors and NIR de-
tection with a fabrication process that can potentially facilitate
their integration into lightweight and flexible substrates for next-
generation mobile and wearable devices. In this context, we have
demonstrated the application of these devices in photoplethys-
mography (PPG) for the measurement of the heart rate on a fin-
ger, which could be implemented as a feature in e-skins for health
monitoring.

Moreover, the development of semi-transparent OPDs is com-
plemented by the characterization of opaque devices utilizing a
100 nm-thick silver contact. These NIR-sensitive devices are capa-
ble of state-of-the-art detection speeds of ~3 MHz, making them
suitable for communication systems. This expands the plethora
of possible OPD applications to on-body sensors for health mon-
itoring, Internet-of-Things (IoT) systems, and light communica-
tion platforms that could be integrated into soft robotics that ben-
efit from replacing rigid wired communication methods.

2. Results and Discussion

Figure 1a shows the chemical structures of the electron-donor
PIF8-TAA and the electron-acceptor Y7. To form the semi-
transparent BH]J active layer of our OPDs, the NIR-absorbing,
non-fullerene acceptor Y7 was incorporated into the wide
bandgap polymer PIF8-TAA as schematically shown in Figure 1b.
To achieve a semi-transparent OPD stack, the selected electrodes
correspond to ITO on the bottom and PEDOT:PSS at the top. Ad-
ditionally, a SnO, layer was deposited between the BH]J layer and
the ITO bottom electrode to reduce the charge carrier injection
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during device operation.[**] Figure 1c shows the energy levels of
the materials in the stack. From here, the driving force for charge
separation in the device can be appreciated in terms of the en-
ergy offset between PIF8-TAA and Y7. PIF8-TAA has a highest
occupied molecular orbital (HOMO) level of —5.5 eV and a low-
est unoccupied molecular orbital (LUMO) level that can be esti-
mated from the optical bandgap to be ~—2.7 eV.3*3°1 On the other
hand, Y7 has a HOMO- and LUMO-level of —5.68 and —4.12 eV,
respectively.?®] We utilized the combination of the bandgaps of
PIF8-TAA and Y7 to engineer an active layer exhibiting maxi-
mum transmittance in the visible part of the spectrum (partic-
ularly 435—600 nm) and an NIR band centered at 840 nm. The
transmittance curves of the active layer as well as that of the com-
plete OPD stack can be seen in Figure 1d. Finally, the compatibil-
ity of the developed ink formulation with the inkjet printing pro-
cess was also established. Figure 1le shows the printability chart
for our developed ink formulated by a 1:1 ratio of PIF8-TAA:Y7
in dichlorobenzene. As can be observed, the plot suggests a sta-
ble drop formation for our printing process, on which we uti-
lized a Dimatix cartridge printhead with a 21 um nozzle diame-
ter, a droplet velocity of 4 m s7!, and a surface tension equal to
28.75 mN m~!. The surface tension was determined via drop pen-
dant measurements (Figure S1, Supporting Information). Fur-
ther ink properties used for the calculation of Z-number Z =
1/Oh = 7.0 are listed in Table S1 (Supporting Information). The
1:1 PIF8-TAA:Y7 blend ratio was selected by comparing the over-
all performance of OPDs with varying ratios (see Figure S2, Sup-
porting Information), utilizing spin-coated active layers and evap-
orated electrodes.

Figure 2a presents a photograph of a sample containing four
semi-transparent OPDs with active areas of 1 mm? deposited
on a glass/ITO substrate, demonstrating the see-through feature
of the devices. The active layer was printed with a resolution of
726 dpi as it was found to demonstrate the best balance of figures
of merit, as discussed in the following. Figure S3 (Supporting
Information) compares the performance of OPDs with higher
print resolution, resulting in lower dark currents, but decreased
bandwidth and SR, so that 726 dpi was selected for the investiga-
tion. The J-V characteristics of an exemplary OPD with 726 dpi
measured in the dark and under illumination (4 = 850 nm),
are shown in Figure 2b. Measurements for three devices showed
an average dark current density of 3.2 + 0.9 pA cm™2 at -2 V.
The average current values of the OPDs, as well as other figures
of merit for three devices, are listed in Table 1 and are compa-
rable to figures of merit reported for other solution-processed
OPDs.[6:16:29:37-41] Figyre 2c shows the measured spectral respon-
sivity (SR) of the device. The device has its highest SR in the UV
and NIR with values of 20 and 10 mA W~! at 400 and 840 nm,
respectively. As intended, the device has a lower SR in the visi-
ble, granting it see-through attributes. Overall, the device exhibits
a specific detectivity D* of ~5.1 x 107 J at 173 Hz and 820 nm
wavelength (see Figure S4, Supporting Information). As shown
in Figure 2d, the device is also able to capture variations in light
intensity with an estimated linear dynamic range (LDR) of 66 dB

-2V (4 = 850 nm). Finally, a potential application was per-
formed in the form of a PPG measurement for pulse measure-
ments. PPG was chosen as it can demonstrate the use as a med-
ical wearable application but still can be tested in lab environ-
ments without significant medical or biological requirements for
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Figure 1. a) Chemical structures of the electron-donor PIF8-TAA and the electron-acceptor Y7. b) Schematic of semi-transparent OPD stack. c) Energy
level diagram for the materials composing the OPD stack. d) Transmittance of active layer and complete OPD stack. e) Printability chart for PIF8-TAA:Y7

in dichlorobenzene.

the tester, volunteer, or equipment. For PPG measurements in
transmission mode, light is passed through human tissue before
being received by a photodetector. Figure 2e shows a photograph
of the measurement setup in which our sample received the inci-
dent light passing through a finger. The corresponding recorded
PPG signal is shown in Figure 2f. In this case, the calculated
pulse was 75 beats per minute.

Given the technological relevance of NIR-oriented photodetec-
tion, we complement the development of the semi-transparent
NIR OPDs presented above with the characterization of a non-
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transparent device. Figure 3a shows a schematic of the proposed
stack. In this case, the inkjet-printed blend PIF8-TAA:Y7 is also
used as the photoactive material, however, the devices use a MoO,
interlayer together with a 100 nm thick silver contact that re-
places PEDOT:PSS as the top electrode. On the bottom side, the
architecture was also maintained with SnO, as the hole-blocking
layer and ITO as the transparent electrode. Complementary to the
semi-transparent device, the presented stack was compared to a
set of samples based on the spin-coating technique, allowing us
to investigate the effect between inkjet printing and spin-coating
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Figure 2. a) Photograph of semi-transparent OPD sample on top of a paper background with text. b) Exemplary J-V characteristics for different illumina-
tion densities. c) SR characteristics at —2 V. d) LDR at —2 V. e) Photograph of semi-transparent OPD sample receiving the incident light that has passed
through a finger. f) The corresponding PPG signal from the OPD.

processing. In the spin-coated case, the blend PIF8-TAA:Y7 was The J-V characteristics of the OPDs in the dark are presented
spin-coated instead of inkjet-printed, while the rest of the stack  in Figure 3b. Additionally, the inset in the figure shows a photo-
and processing steps remained unchanged. Figure 3b-d showsa  graph of the non-transparent inkjet-printed sample. In this case,
comparison of the -V, SR, and bandwidth characteristics of the  the pattern layout of the silver electrodes can be visually observed.
presented stack for devices where the PIF8-TAA:Y7 blend was ei- At —2 'V, both devices have low dark current densities with values
ther inkjet-printed or spin-coated. 0f 0.68 and 76.1 nA cm™ for the printed and spin-coated devices,

Table 1. Comparison of OPD characteristics measured at —2 V for the printed semi-transparent and printed non-transparent architectures (s.d. n = 3).

OPD stack Dark current density [uA cm™2] SR @840 nm [mA W] o348 [MHZ] D*[)] See-through device
Semi-transparent 3.2+09 12+2 0.17 +0.03 5.1°107 Yes
Non-transparent 0.6 +0.1 60+ 7 2.7+03 6.1°10° No
Adv. Electron. Mater. 2025, 00274 e00274 (4 of 7) © 2025 The Author(s). Advanced Electronic Materials published by Wiley-VCH GmbH
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Figure 3. a) Schematic of a non-transparent OPD stack. b) Comparison of J-V characteristics for printed and spin-coated samples. The inset shows a
photograph of the non-transparent inkjet-printed sample. c) Comparison of SR characteristics for printed and spin-coated samples. d) Comparison of

bandwidth characteristics at —2 V for printed and spin-coated samples.

respectively. While a detailed investigation of the morphologi-
cal differences of the two inks is out of the scope of this study,
the differences in device performance such as in dark current
densities could be explained by the differences in the process-
ing techniques of the active layer as they are expected to lead to
changes in drying, layer crystallinity and thickness, and therefore
device performance. The lower dark currents of the opaque de-
vices in comparison to the semi-transparent devices could be at-
tributed to an extended exposure of the semi-transparent devices
to ambient air. During the printing process of the PEDOT:PSS
top electrodes, the devices remain in the air for longer as com-
pared to the evaporation process taking place inside a glovebox
environment for the silver electrodes. Figure 3¢ shows the SR
of the spin-coated and printed opaque devices. At —2 V, the de-
vices show a similar responsivity with values of 58 mA W~! for
the printed devices and 47 mA W= for the spin-coated case.
The higher SR for the printed device can be explained by addi-
tional light absorption in the BH] after reflection at the Ag elec-

Adv. Electron. Mater. 2025, e00274 €00274 (5 of 7)

trode, resulting in a specific detectivity of ~6.1°10° J. Addition-
ally, the responsivity as a function of voltage was investigated for
the printed samples. The device reached a responsivity of up to
129 mA W-! at —8 V, showing an overall device performance
that is similar to those reported for other NIR-OPDs found in the
literature.[*>~*] Finally, Figure 3d shows the bandwidth measure-
ments of the devices at —2 V where both inkjet-printed and spin-
coated devices show a high performance with f_; 45 values of 3
and 5 MHz, respectively. These values correspond to state-of-the-
art detection speeds when compared with other OPDs found in
literaturel®238391 and also represent an important difference in
comparison with the semi-transparent OPDs presented earlier.
The latter have the advantage of having see-through capabilities
but remain limited in their detection speed, reachingaf. ; 4; value
of 174 kHz at -2 V (Figure S4, Supporting Information). A poten-
tial explanation for the lower f ; 4 is the higher series resistance
of PEDOT:PSS as compared to evaporated silver electrodes, lead-
ing to a drop in detection speed in the semi-transparent OPDs
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due to the RC limit on the devices.[*! The high detection speeds
of the non-transparent devices open the possibility for an imple-
mentation in high-speed applications such as NIR communica-
tion systems.[>!l The slightly reduced bandwidth of the semi-
transparent OPDs still enables their use for applications such as
retinal implants,['”) see-through interfaces,[*®! and photoplethys-
mography (as demonstrated), where the focus on transparency
presents a dominating factor. The complete comparison of the
OPD characteristics of the inkjet-printed devices can be seen in
Table 1.

3. Conclusion

In summary, we presented the fabrication of high-performance
semi-transparent OPDs with NIR detection using the industry-
oriented inkjet printing technique. This was accomplished by
using a BH]J active layer composed of the wide-bandgap poly-
mer PIF8-TAA, the NIR-absorbing NFA Y7, and transparent
electrodes. The OPDs showed an average visible transmittance
of 70.6% while remaining responsive in the NIR. This com-
bination of semi-transparency and fabrication by up-scalable
digital printing techniques could enable their integration into
next-generation imperceptible wearable devices. With future re-
search and their integration on flexible substrates or rigid is-
lands on stretchable substrates,>?] these properties make them
particularly suitable for the field of soft robotics and e-skins
for health monitoring. Complementary, we demonstrated that
non-transparent NIR-based OPDs utilizing a silver top contact
can reach state-of-the-art detection speeds, aided by a lower se-
ries resistance of the evaporated silver electrodes compared to
the printed PEDOT:PSS electrode. These devices showed a f ; 45
value of up to 3 MHz and therefore offer the possibility for the
implementation of OPDs in high-speed applications such as NIR
communication and detection systems.

4. Experimental Section

Materials: The SnO, nanoparticles employed were obtained from
Avantama (Avantama N-31). The polymer PIF8-TAA from Merck kGaA
(Polyindenofluorene-8-triarylamine), the acceptor Y7 from 1-materials (Y7
NFA, 2,2'-((2Z,2'Z)-((12,13-Bis(2-ethylhexyl)-3,9-diundecyl-12,13-dihydr-
o-[1,2,5]thiadiazolo[3,4-e]thieno-[2”,3":4’,5")-thieno[2’,3":4,5]pyrrolo[3,2-
glthieno-[2’,3":4,5]thieno[3,2-b]-indole-2,10-diyl) bis (methanylylidene))-bis
(5,6-dichloro-3-ox0-2,3-dihydro-1H-indene-2, 1-diylidene))dimalononitri
le) the glass/ITO substrates from Kintec, and the PEDOT:PSS ink from
Heraeus (F HC Solar). For printing, Fujifilm Dimatix cartridge printheads
(DMC-11610) with 16 nozzles (10pL) were used in a Dimatix printer
(DMP 2831) while keeping the substrate table at room temperature.

Device Fabrication: The fabrication of the devices took place inside a
cleanroom environment. Each layer was processed as a single layer. The
PIF8-TAA:Y7 blend was prepared and annealed post-deposition (140 °C
for 10 min) inside a nitrogen-filled glovebox while all other fabrication
steps were performed in air. A curable adhesive was used to encapsu-
late the devices after fabrication. Pre-structured ITO electrodes on top of
glass substrates were used as the base layer for material deposition, where
the SnO, nanoparticle ink was spin-coated (2000 rpm) and annealed for
5 min at 120 °C. The PIF8-TAA:Y7 blend was then mixed in a 1:1 ratio
and deposited on top either by inkjet-printing (20 mg mL~", 35 um drop
spacing, 726 dpi, waveform see Figure S5, Supporting Information) or by
spin-coating (40 mg mL~", 1500 rpm) from a solution in dichloroben-
zene or chlorobenzene, respectively. From here, the OPDs were finalized
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into semi-transparent devices by inkjet printing the PEDOT:PSS top elec-
trode (20 um drop spacing, 1270 dpi, room temperature) or into non-
transparent devices by evaporating a layer of MoO; (30 nm) and a silver
electrode (100 nm). The commercial PEDOT:PSS ink (Clevios F HC Solar,
Heraeus) employed in semi-transparent devices was further modified with
0.3 vol% of Zonyl FS-300 from Fluka analytical. All devices have an active
area equal to 1 mm?.

Characterization: ~Current-voltage measurements in the dark and
under illumination were recorded using an Agilent 4155 C semiconductor
parameter analyzer. During illumination, a Keithley 2636 A source mea-
sure unit was used to power an LED (4 = 850 nm). The light intensity
was adjusted using neutral density filters (Thorlabs NDUVxxA/NE5xxB).
During spectral responsivity measurements, the light was selectively fil-
tered from a 450 W OSRAM XBO Xenon discharge lamp by employing an
Acton SP-2150i monochromator. The light was modulated at a frequency
of 173 Hz with a chopper wheel, and the OPD signal was amplified using a
Femto DHPCA-100 amplifier. A lock-in amplifier was employed to read the
output signal (SR830). Details on the measurement of the noise spectral
density and specific detectivity can be found in the recent publication of
Seiberlich et al.[>2] In short, a time-dependent dark current was measured
in a shielded box, and the noise spectral density was calculated via the
Fourier transform. The specific detectivity was then determined from the
spectral noise data at 173 Hz and SR at 820 nm. PPG measurements were
performed in transmission mode. The amplified signal was recorded with
an Agilent DSO6102A oscilloscope. During bandwidth measurements, a
square-light signal of varied frequency was used as illumination, and the
transient current was recorded. Light modulation was performed with an
Agilent 33522A function generator, light emission with an Oxxius LBX520
laser, and signal capturing with an oscilloscope (Agilent DSO6102A).
Informed, signed consent was obtained from subjects for PPG
measurements.
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