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A B S T R A C T   

—On-site analysis of multiple analytes from different classes (such as heavy metals, proteins and small mole
cules), at the sensitivity required for a selected application, is a hard technological challenge. In this context, 
optical sensing in miniaturized systems has the largest potential. We present here the design and optimization of 
a miniaturized optical sensor with multiple channels, capable of multimodal optical detection in each channel, 
and the proof-of-concept realization of sub-systems providing two complementary detection modes: plasmon 
enhanced fluorescence and localized surface plasmon resonance. The multichannel (enabling multiplexing) and 
multimodal optical sensor is designed to have a total size of one inch-square and optimized sensing performance, 
obtained by combining organic optoelectronic and nanoplasmonic components.   

1. Introduction 

Optical sensing represents one of the most sensitive and robust 
methodologies for the detection of analytes of interest in various 
application scenarios, from food and environmental monitoring to bio- 
diagnostics [1,2]. A larger exploitation on the market of this class of 
sensors is expected once the technological challenges in miniaturization, 
portability, and user-friendliness are overcome [3], while fit-for-purpose 
sensing performances are maintained [4]. 

Optical sensors are typically divided into different classes depending 
on their detection mode. Often, a specific detection mode is optimal for a 
single class of analytes, in a certain range of concentrations, thus for a 
single specific application field. For example, Surface Plasmon Reso
nance (SPR) sensing is best suited for label-free detection of high mo
lecular weight analytes (such as proteins) [5]. Differently, optical 
sensing based on fluorescence is the state-of-the-art detection mode for 
microbiological targets. In any case, the standard use of both method
ologies often requires bulky, costly and delicate benchtop instruments 
unsuitable for on-site analysis. 

Combining in a single miniaturized sensor multiple optical detection 
modes is a challenging yet innovative approach, which would allow to: 
i) enlarge by orders of magnitude the dynamic range of detection of a 
specific analyte (i.e. for Hg2+ a detection range of 25 nM-50 μM is ex
pected for SPR, whereas 0.5–50 nM is expected for Fluorescence) [6,7]; 
ii) provide a built-in control for techniques which are sensitive to 
different interferences [8]; iii) perform in a single sensor detection of 
multiple analytes from different classes (i.e. small molecular contami
nants, heavy metals, proteins). 

Organic optoelectronics is an attractive option for the development 
of compact and cost-effective sensors due to the possibility to obtain 
nanometer-thick devices in which the materials in the active layers can 
be processed by low-temperature processing techniques [9] and be 
implemented in relevant real settings [10]. Further, their optoelectronic 
features are easily tunable by a targeted synthesis [11] and design of the 
organic compounds comprising the device stack [12]. The capability to 
fabricate miniaturized organic optoelectronic components, such as 
organic light-emitting diodes (OLEDs) and organic photodiodes (OPDs), 
with customized shapes promotes their integration, respectively as light 
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sources and light detectors, for the realization of optical sensors [13,14]. 
In our recent works we developed a miniaturized, highly integrated, 

and prism-free optical biosensor based on Localized SPR (LSPR) [15,16]. 
The system integrates organic light sources and light detectors for 
optical-to-electrical signal transduction, and a nanoplasmonic grating 
(NPG) functionalized with bioreceptors as the sensing surface. The high 
level of miniaturization and integration allowed us to obtain seven 
sensing channels (multiplex format) in a 1-inch square chip. Moreover, 
we demonstrated that the same NPG developed for LSPR enables also 
plasmonic enhancement of fluorescence (Plasmon-Enhanced Fluores
cence or PEF) [17–19]. In details, the fluorescence from a model fluo
rophore in proximity of the grating surface, excited and detected at the 
rear side, was enhanced by 10 times by the plasmonic modes of the NPG. 

Based on our previous findings, in this work we report on the design 
and proof-of-concept demonstration of a new optical sensor capable of 
performing multimodal detection of model solutions through LSPR and 
PEF detection modes activated on the same sensing surface. This is 
enabled by the design of the organic optoelectronic and nanoplasmonic 
components with specific spectral, optical and geometrical characteris
tics, and their optimized combination, miniaturization and integration 
in the same optical sensor. The final optical sensor has a total size of one 
inch-square and hosts six sensing channels, each one performing dual- 
mode detection (multimodal). Furthermore, the biofunctionalization 
of the NPG surface with target-specific bioreceptors would enable the 
use of the developed sensor in real-setting applications. In this context, a 
different bio-functionalization on the six different sensing channels 
would allow the simultaneous analysis of multiple analytes (multi
plexing) into the same sensor. 

2. Materials and methods 

2.1. Simulations 

Optical simulations were performed with the optical raytracing 
software Zemax OpticStudio SW. The method was based on Monte-Carlo 
ray tracing with 108-109 rays traced. Random and Sobol algorithms were 
used for optimal ray tracing distribution and optimization. The light 
emitted from each OLED was modelled as a true Lambertian emission, 
with emission spectra following the experimental ones, discretized as 
histogram bars with 10 nm steps over the 500–1000 nm range, and with 
a total emission power matching the experimental ones. The spectral 
response of the OPD was modelled following the experimental spectra, 
discretized as histogram bars with 10 nm steps over the 500–1000 nm 
range, and with a total spectral response matching the experimental one. 
The NPG was modelled as a reflective coating with angle- and 
wavelength-variable reflectivity, based on the experimental spectral 
reflectivity at wavelengths in the 500–1000 nm range and at angles in 
the 0–60◦ range. The optical filter was modelled as an ideal Long Pass 
filter with band edge centered at 740 nm. The extinction coefficient, 
absorption and emission spectra, and quantum yield of the model fluo
rophore AlexaFluor 750 extrapolated from the datasheet from the 
commercial provider were introduced in the model, discretized as his
togram bars with 10 nm steps in the 500–900 nm range. Fluorophore 
molecules of Alexa Fluor 750 were modelled as dispersions in a 10 nm 
thick solid volume onto the sensing surface, at two different densities 
(6⋅1010 and 6⋅1012 mol/cm3). All the materials were modelled as true 
optical materials including Fresnel losses and internal absorption. 

2.2. Materials 

For the OLEDs and OPDs fabrication, N,N′-di(1-naphthyl)-N,N′- 
diphenyl-(1,1′-biphenyl)-4,4′-diamine (NPD), Tris(8-hydroxy-quinolin 
ato) aluminium (Alq3), Platinum octaethylporphyrin (Pt(OEP)), molib
denum oxide and fullerene (C60) were purchased from Sigma Aldrich; 
Zinc (II) phthalocyanine (ZnPc) was purchased from TCI Europe; 
Dipyrazino[2,3-f:2′,3′-h]quinoxaline-2,3,6,7,10,11-hexacarbonitrile 

(HAT-CN), 2,2′,2-(1,3,5-benzinetriyl)-tris(1-phenyl-1-H-benzimidazole) 
(TPBi) and Platium(II) 5,10,15,20-tetraphenyltetrabenzoporphyrin (Pt 
(tpbp)) were purchased from Luminescence Technology Corp. Rhoda
mine 700 (LD700) used for the fluorescence tests was purchased from 
Exciton. All chemicals were used as received without further 
purification. 

2.3. Device fabrication 

The sensors were fabricated on 25 × 25 mm (1 inch-square) glass 
substrate. First, glass substrates were cleaned by sonication in acetone 
for 10 min, then in 2-propanol for 10 min. The OLED and OPD stacks 
were deposited via thermal evaporation through fine metal masks in a 
high-vacuum deposition chamber at a base pressure of 10− 8 mbar. 

In particular, top-adsorbing OPDs were fabricated directly onto glass 
substrate according to the following stack: glass/Ca (thickness: 3 nm)/ 
Ag (thickness: 100 nm)/HAT-CN (thickness: 45 nm)/ZnPc:C60 (mixing 
ratio: 50:50; total thickness: 60 nm)/C60 (thickness: 30 nm)/TPBi 
(thickness: 6 nm)/Ca (thickness: 3 nm)/Ag (thickness: 15 nm)/Alq3 
(thickness: 120 nm). 

Then a 900 nm thin film of a transparent fluoropolymer (Cytop, from 
AGC Chemicals Europe Ltd) was deposited as insulating layer by spin 
coating on top of the OPDs. To remove the residual solvent from the 
polymeric layer, an annealing step of 2 h at 80 ◦C was carried out in a 
vacuum oven. 

Top-emitting OLEDs were fabricated on top of the Cytop layer by 
thermal deposition in high-vacuum. The structure of the top-emitting 
OLEDs dedicated to the LSPR detection presents the following struc
ture: Ca (thickness: 3 nm)/Ag (thickness: 100 nm)/MoOx (thickness: 60 
nm)/NPD (thickness: 30 nm)/Alq3:Pt(tpbp) (doping 6%; total thickness: 
30 nm)/TPBi (thickness: 25 nm)/Ca (thickness: 3 nm)/Ag (thickness: 15 
nm)/NPD (thickness: 60 nm). 

The structure of the top-emitting OLEDs dedicated to the fluores
cence detection presents the following structure: Ca (thickness: 3 nm)/ 
Ag (thickness: 100 nm)/MoOx (thickness: 40 nm)/NPD (thickness: 30 
nm)/Alq3:Pt(OEP) (doping 10%; total thickness: 30 nm)/TPBi (thick
ness: 25 nm)/Ca (thickness: 3 nm)/Ag (thickness: 15 nm)/NPD (thick
ness: 60 nm). 

The complete system was encapsulated with a glass lid attached to 
the substrate with a UV-cured glue. In the case of the system dedicated to 
LSPR, a glass lid decorated with a NPG on top of the outer surface was 
used. 

2.4. NPG fabrication 

The fabrication and characterization of the developed nano
structured surface have been described in details in Refs. [15,16]. 

2.5. Optoelectronic characterization 

The OPD current density-voltage curves in the dark and under illu
mination were recorded inside a glovebox by a Keithley 236 source- 
measure unit and using a simulated AM1.5 G illumination of 100 
mW/cm2 (Abet Technologies Sun 2000 Solar Simulator). The External 
Quantum Efficiency (EQE) spectra of the OPDs were measured in air by 
using a home-made setup and encapsulated devices. Light from a Xe arc 
lamp (300 Watt of total optical power), coupled with a monochromator 
(from Spectra-Pro) to produce monochromatic light with steps of 2 nm, 
was pulsed by means of an optical chopper (Thorlabs) at 80 Hz and was 
used to illuminate a single OPD. The photocurrent generated from the 
OPD, driven at 0 V, was collected by a digital lock-in amplifier (Stanford 
Research Systems SR830). A calibrated Silicon photodiode was used as 
the reference. 

OLED characterization was performed in a glovebox using a standard 
SUSS probe station coupled to a B1500A Agilent semiconductor device 
analyzer. The total optical power emitted by the OLED from the top was 
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measured through a calibrated silicon photodiode (sensitivity of 0.49 A 
W− 1 at 766 nm). Electroluminescence spectra on encapsulated OLEDs 
were collected in air by using a calibrated optical multichannel analyzer 
(PMA-11, Hamamatsu). 

In the case of the LSPR-dedicated optical sensor, the OLED was 
biased at a fixed current density of 31 mA/cm2 during the measurement, 
while the photocurrent of the OPDs was recorded by an Electrochemical 
Workstation (Autolab, PGSTAT128 N + ECD module). The photocurrent 
was collected over time when the NPG surface was alternately and 
sequentially exposed to ethanol/water solutions at different concentra
tions by injections in the fluidic cell (reaction chamber chip, volume 50 
μl by Microfluidic ChipShop). Ethanol/water solutions with 50%, 25%, 
10% and 2% v/v concentrations were used. 

The optical sensor for the fluorescence detection was tested with a 
benchmark fluorophore solution of Rhodamine 700 (LD700) in ethanol. 
Solution at a concentration of 1⋅10− 4 M, 1⋅10− 5 M and pure ethanol 
were tested by placing the solution in a quartz cuvette (Macro cell type 
110-QS Hellma Analytics, volume 350 μl, optical path 1 mm) in direct 
contact with the encapsulation cap surface of the sensor. The OPD 
photocurrent was collected through a B1500A Agilent semiconductor 
device analyzer when OLEDs were driven at a constant current density 
of 31 mA/cm2. 

3. Results and discussion 

3.1. Optical sensor design 

In the concept of the proposed multimodal optical sensor, each single 
channel comprises three different organic optoelectronic components: 
two organic light emitting diodes (OLEDs) and an optically selective 
organic photodiode (OPD) (Fig. 1). These components are integrated 
underneath the sensing surface, which is the NPG. The two detection 
modes, LSPR and PEF, are independently enabled by optical excitation 
from the two different OLEDs which can illuminate the NPG surface in a 
back-reflection configuration. Both optical signals of LSPR and PEF 
modes are collected by the OPD which converts them into an electrical 
output signal. In the LSPR detection mode, the light emitted by the OLED 
for LSPR impinges the portion of the NPG above that OLED. In presence 
of an analyte attached/in proximity of that portion of the NPG surface, a 
local change of the refractive index occurs, the spectral reflectivity of the 
NPG changes accordingly, and the fraction of back-reflected light 
reaching the OPD changes (with respect to the reference signal collected 
by the OPD in absence of analytes). The light-intensity change is 
transformed by the OPD in a photocurrent change (ΔI) over a base 
photocurrent (I0). The final LSPR signal is calculated as ΔI/I0. 

In the PEF detection mode, the light emitted by the OLED for PEF 
impinges the portion of the NPG surface above that OLED and, if no 
fluorophores are present on the surface, light is partially backscattered 
towards the OPD. This backscattered fraction of OLED light can be 
reduced by the insertion of an ad-hoc developed filter. In presence of 

fluorophores attached/in proximity of the NPG surface, a fluorescence 
signal from the fluorophore, enhanced by the NPG, is produced and 
detected by the OPD. Also in this case, the light-intensity change due to 
the presence of the fluorophore is transformed by the OPD in a photo
current change. The final PEF signal is calculated as a photocurrent 
variation in presence and in absence of the fluorophore (ΔI) divided by 
the base photocurrent (I0) produced in absence of the fluorophore. 

To design the sensor, first the spectral requirements of all optoelec
tronic and plasmonic components must match one with each other. For 
LSPR the best spectrally matched components (OLED for LSPR, NPG and 
OPD) were already individuated in our previous work [16]. For PEF, 
spectral matching of the components should consider the maximum of 
the electroluminescence spectrum of the OLED for PEF, the spectral 
absorption and emission of the fluorophore, the maximum of the spec
tral sensitivity of the NPG in terms of plasmonic enhancement, and the 
spectral response of the OPD. To improve the fluorescence 
signal-to-noise ratio and avoid the absorption by the OPD of the back
scattered excitation light, a band- or long-pass optical filter should be 
integrated to produce an optically selective OPD. The optical filter must 
have a low transmittance in the spectral region of the electrolumines
cence of the OLED for PEF and a high transmittance in the spectral re
gion of the fluorophore emission (and in that of the electroluminescence 
of the OLED for LSPR). The model fluorophore Alexa Fluor 750 was 
considered the best candidate for the optical sensor design, due to its 
good spectral matching with both NPG and OPD spectral features. 
Indeed, conjugates of Alexa Fluor 750 on primary and secondary anti
bodies are widely used in biosensing technologies [20]. Two possible 
OLEDs for PEF are selected to match with the selected optoelectronic 
and plasmonic components and fluorophore: one based on the emitter 
Tris(1-phenylisoquinoline)iridium(III), Ir(piq)3, and one based on the 
emitter Platinum(II)2,3,7,8,12,13,17,18-octaethyl-21H,23H-porphyrin, 
Pt(OEP) [21,22]. These two OLEDs for PEF are selected respectively 
for the high quantum yield of emission (Ir(piq)3), and for the narrow 
emission spectrum (Pt(OEP)) that minimizes the spectral overlap with 
the fluorophore emission band. 

Once having selected the optoelectronic and plasmonic components 
that best respond to the spectral requirements, the design of the mini
aturized, multichannel and multimodal optical sensor should also 
consider geometrical requirements. The geometrical design should bal
ance two factors: first, enabling a substantial number of operational 
channels on the same substrate allowing the detection of multiple ana
lytes in a single sensor (once a suitable multiple biofunctionalized 
stripes are deposited on the NPG surface); second, maximizing the active 
surface areas of the OPDs and OLEDs to maximize the collected photo
current signal. Finally, to allow the experimental realization of the 
multiple organic optoelectronic components of the optical sensor onto 
the same substrate, the lateral separation between adjacent OLEDs and 
OPDs must fulfill fabrication tolerances (i.e. by thermal sublimation in 
high vacuum and patterning through fine metal masks) and electrical 
insulation and optical transparency should be guaranteed between 
vertically stacked components (i.e. monolithically integrated OLEDs and 
OPDs). 

Considering that devices are non-ideal 3D elements, as for instance 
the OLED is not a point-like emitter, the optimal design of the optical 
sensor must take into consideration the multiple-wavelengths and 
multiple-angles contributing to the final LSPR and PEF signals and 
optimize them both in terms of signal change (%) with respect to 
reference signal and as absolute values. Optical simulations by the op
tical software Zemax OpticStudio SW were carried out to optimize both 
the LSPR and PEF signals, and the layout of the complete system. All the 
spectral and optical characteristics of the organic optoelectronic and 
plasmonic components selected above were included in the simulation. 

It has been demonstrated [15,18], than a quasi-normal incidence 
(excitation/collection within a solid angle of 15◦) is the optimal 
geometrical condition for the operation of the NPG, thus ensuring both 
the highest LSPR and PEF signals. However, pure fluorescence emission 

Fig. 1. Schematics of the optical sensor concept with indication of the organic 
optoelectronic and nanoplasmonic components enabling both LSPR and PEF 
detection modes. 
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is isotropic over a 360◦ solid angle and can add a significant contribution 
to the total signal from a fluorescent target, in addition to the PEF signal. 
As a compromise, for the simulations the starting layout of a single 
channel of the multimodal optical sensor is reported in Fig. 2a and 
comprises: i) three side-by-side top-emitting OLEDs, fabricated in a 
vertical stack on a top-absorbing OPD, ii) an optical spacer/filter be
tween the OLEDs and the OPD; iii) in the OLEDs plane, one OLED for 
LSPR is central, and two OLEDs for PEF are at the two sides. To note, 
since the OLED emission is Lambertian, a relevant number of photons 
will not contribute to the excitation of the fluorescence signal since they 
do not impinge a useful portion of the NPG surface. Thus, two OLEDs 
lateral to the useful portion of the NPG are used for maximizing the 
excitation of fluorescence. 

As a first output from the implementation of the simulation tool, we 
estimated the collected photocurrent signal in the case of LSPR modality 
and we use this result to compare the here-reported configuration for 
LSPR detection (vertical stack configuration) with the one we reported 
in Ref. [16] (side-by-side configuration) and that we demonstrated to 
work in real-setting conditions (side-by-side configuration). In partic
ular, we used the same values adopted in the already demonstrated 
side-by-side configuration (see Fig. S1) for: i) the lateral dimension of 
the OLED for LSPR and ii) the lateral dimension of the light-sensing 
surface of the OPD. These dimensions were implemented into the 
here-designed configuration (see Fig. S2 and Fig. 2a) and the effect on 
the LSPR signal of the two different configurations was therefore 
evaluated. 

Fig. 2b reports an example of the distribution of the irradiance 
impinging on the sensing area of the OPD in the two configurations, as 
resulting from simulations. The light signals impinging on the OPD, 
before and after the change of refractive index at the NPG surface, are 
converted into photocurrent signals. The LSPR signal is calculated as the 
ratio between the variation of the OPD photocurrent (ΔI) over the OPD 
base photocurrent (I0) due to a change of the refractive index (Δn) in the 
medium at the NPG surface of about 10− 3 Refractive Index Units (RIU) 
starting from a refractive index of 1.333 (water as the standard). Such 
Δn roughly corresponds to the refractive index change given on the 
sensing surface by a 50 μg/ml solution of proteins, as reported in 

Ref. [16], thus it is a meaningful value for simulating a biological assay 
condition. 

The resulting simulated LSPR signals (ΔI/I0) for the two configura
tions are reported in Table 1, together with the base photocurrent I0 and 
the photocurrent signal variation ΔI. 

For the reference side-by-side configuration, the simulated LSPR 
signal ΔI/I0 of 0,07 % over a base photocurrent I0 of 1.8⋅10− 7 A is in 
perfect agreement with the experimental results from our previous work 
[16], confirming the validity of the simulation tool and implemented 
models. If comparing the side-by-side configuration (already assessed in 
a complete sensor system prototype) with the more compact vertical 
stack layout here proposed, the absolute value of ΔI is almost the same 
while a slightly higher I0 is responsible for a small reduction of LSPR 
signal (ΔI/I0 = 0,04 %) as compared to the side-by-side layout (ΔI/I0 =

0,07 %). Nevertheless, this small decrease of performance is offset by a 
significant improvement in terms of compactness and implementation of 
dual-modality sensing. In addition to that, the expected absolute values 
of ΔI in the here designed vertical-stack configuration are comparable to 
values previously collected by portable electronic circuitry [16]. 

As a further step forward in the optimization of the optical sensor, we 
also simulate the influence on the LSPR signal of the vertical distance 
between the NPG and the OLED for LSPR, and of the vertical distance 
between the OLED for LSPR and the OPD (z1 and z2 in Fig. 2a, respec
tively). The simulations indicate that for heights of z1 of 0.7, 1.0 or 1.2 
mm, the largest z1 gives the best LSPR signal (ΔI/I0 of 0.04%), against a 
ΔI/I0 of 0.02% and 0.03% for z1 = 0.7 mm and 1.0 mm respectively. This 
confirms that, by restricting the range of the solid angles of the light- 
excitation/light-collection, the overall LSPR signal increases. 

Fig. 2. a) Side view of a single channel of the vertical stack configuration used for the simulations of the LSPR signal. x1+x1 = 1.40 mm is the lateral dimension of the 
light-sensing surface of the OPD; x2 = 0.5 mm is the lateral dimension of the OLEDs for PEF; x3 = 0.5 mm is the lateral dimension of the OLED for LSPR b) Dis
tribution of the incoherent irradiance intensity on the OPD in the side-by-side (left) and vertical stack (right) configurations for LSPR. Side (c) and top (d) views of the 
layout of a single channel of the system, used for simulating the fluorescence signal, comprising two OLEDs based on Pt(OEP) emitter for PEF, the encapsulation glass, 
the fluorescence layer, the spectrally selective OPD (OPD + ideal optical filter). 

Table 1 
Comparison between the LSPR signals in reference and proposed configurations.  

Configuration LSPR signals 

I0 (A) ΔI (A) ΔI/I0 (%) 

Side-by-side (reference) 1.8⋅10− 7 1.3⋅10− 10 0,07 % 
Vertical stack (proposed in this work) 3.6⋅10− 7 1.4⋅10− 10 0,04 %  
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Moreover, a change in z2 from 3 μm up to 300 μm does not affect the 
LSPR signal, releasing some geometrical constrain on the integration of 
the optical filter and/or spacer layer. 

For the simulation and optimization of the PEF signal, it was not 
possible to introduce in Zemax OpticStudio SW the model of the NPG. 
Indeed, the number of experimental results on the PEF signals from the 
fluorophore/NPG system [18,19], in particular at variable angles, 
resulted too low for the creation of a fully reliable model in Zemax. For 
this reason, here two simplifications are done: i) a pure fluorescence 
signal (instead of PEF signal) is estimated, with enhancements effects 
from the NPG taken into account in a second step as a multiplicative 
factor (⋅10, following our precedent results) [18,19]; ii) the fluorescence 
signal is collected at the front side of the NPG (Fig. 2c) and evaluated by 
placing in that position the OPD covered by an ideal optical filter, i.e. 
with transmittance 100% above 740 nm and 0% below 740 nm. This is 
done to exclude the NPG effects which cannot be modelled. The simu
lation also considers a 10 nm thick layer of fluorophore molecules (Alexa 
Fluor 750) dispersed in a solid volume: this configuration may mimic the 
surface functionalization of fluorophores onto NPG surface as expected 
in the case of PEF [19]. The fluorescence signal is simulated by 
considering: i) two different densities of the fluorophore (6⋅1010 and 
6⋅1012 mol/cm3); ii) two different OLEDs for PEF (reported above). 

Table 2 reports the estimated photocurrent signals, pure fluorescence 
and PEF signals, for all cases, as follows: I0, that is the OPD photocurrent 
generated by the undesired OLED light passing through the optical filter; 
IF, that is the OPD photocurrent only due to the fluorescence emitted by 
the fluorophore molecules, once the undesired OLED light is subtracted; 
the pure fluorescence signal, calculated as IF/I0 (%); the PEF signal, 
calculated as the pure fluorescence signal multiplied by 10 times. 

The largest fluorescence signals are obtained for the OLED based on 
the Pt(OEP) emitter. Considering that a theoretical enhancement factor 
of 10 is given by the NPG, as expected from our previous results [18], 
PEF signals of about 0.18% and 0.0017% can be estimated at a fluo
rophore density of 6⋅1012 and 6⋅1010 mol/cm3 respectively. Such esti
mated PEF signals are in the same order of magnitude (or even greater) 
than the LSPR signal, and as well can be easily collected with standard 
portable electronic circuitry. Overall, an optical sensor with the opti
mized structure (Fig. S2) and comprising 6 sensing channels each 
capable of multimodal PEF and LSPR detection has been designed. 

3.2. Proof-of-concept demonstration 

Some experimental limitations hampered the realization of a single 
optical sensor with NPG, OLEDs and OPD enabling both LSPR and PEF 
detection modes. These limitations are related to the bio
functionalization of the NPG with fluorophore-labeled biomolecules 
needed for the PEF detection mode: a maximization of the coverage of 
the NPG surface with fluorescent-labeled targets for PEF, and an opti
mization of the bio-functionalization of the NPG, are first needed. In 
details, the concentration of fluorophores on the NPG surface which was 
experimentally obtained in our previous works was estimated in the 
order of 10 molecules/μm2 [14]. Such amount is limited by the steric 

hindrance of the fluorophore, and to self-quenching effects occurring at 
higher concentrations. An increase of fluorophore concentration on the 
NPG will be considered for our future work by: i) modification of the 
NPG surface functionalization (e.g. by using different functional layers 
or 3D matrices), allowing to obtain a denser coverage of fluorophores, 
and/or ii) use of a different fluorophore having a lower steric hindrance 
and comparable or even higher quantum yield, and suitable spectral 
coupling with the NPG plasmonic modes. In this work, starting from the 
components and the layout developed in the simulations (Fig. 3a), two 
separated optical sensors were realized for a proof-of-concept demon
stration: one optical sensor for LSPR (Fig. 3b) and one optical sensor for 
PEF (Fig. 3d) in a simplified version (Fig. 3e). 

OLEDs and OPDs were fabricated by thermal evaporation using 
shadow masks. Their structure was optimized by the fine tuning of the 
layers’ thickness and comprises a reflective Ag bottom anode electrode 
and a semitransparent top cathode electrode. The addition of an organic 
index matching layer on the top of organic stack in both the OLEDs and 
OPDs structures enables the maximization of the top-absorption/ 
emission process. As the active layer of the top-adsorbing OPD, a 
blend of zinc phthalocyanine (ZnPc) and fullerene-C60 was chosen due to 
the wide spectral response [23] enabling detection both in the LSPR and 
PEF wavelength’s spectral range (Fig. 4a). As light source for LSPR, 
OLED based on the platinum–porphyrin complex 
PtII–tetraphenyltetrabenzoporphyrin [Pt(tpbp)] was fabricated. Ac
cording to optical simulations, the OLED based on the Pt(OEP) emitter 
was selected for the realization of the PEF sensor. The optoelectronic 
performance of the fabricated OLED are shown in Fig. 4b. In particular, 
the Pt(OEP) based OLED shows an optical power of 15.0 ± 3.2 μW at a 
current density of 31 mA/cm2 that is reached by driving the device at 6.7 
± 0.1 V. The OLED dedicated to the LSPR detection, driven at the same 
density current of 31 mA/cm2, shows an optical power of 11.8 ± 1.3 μW 
and a driving voltage of 6.7 ± 0.1 V. These values are comparable with 
similar structures reported in literature [16,24]. Fig. 4c shows the op
toelectronic performance of the OPD both in dark and light condition 
under a simulated solar illumination (AM1.5G spectrum, optical power 
density 100 mW/cm2). In particular, the realized OPDs show an 
open-circuit voltage (VOC) of 0.5 V and a short-circuit photogenerated 
current density (JSC) of 7.5 mA cm− 2, in good agreement with literature 
[23,25]. A responsivity (R) of 0.08 A/W and a detectivity (D*) of 
1.2⋅1011 Jones were calculated for the OPD under simulated solar illu
mination conditions, driven in reverse bias (− 0.4 V), approximating the 
ideal shot noise with the dark current noise [26,27]. However, by 
providing illumination from an external light source peaked at 770 nm 
to mimic the emission from the OLED for LSPR, D* increases up to 
1.1⋅1012 Jones (data not shown), which is in line with values reported in 
the literature for OPDs based on ZnPc:C60 active layers [28]. In addition, 
the OPD operational regime in the sensor is 0 V. In this condition, D* is 
expected to increase even more. An electrically insulating and optically 
transparent film of a perfluorinated polymer (Cytop) was used as the 
spacer between OPDs and OLEDs. Fig. 4a shows the measured spectral 
features of the components integrated in the fabricated sensors. The 
optoelectronic and plasmonic components were developed in order to 
optically interact when integrated in the system. In particular, the 
emission of the OLED dedicated to PEF detection perfectly matches the 
absorption spectrum of the fluorophore. On the other hand, the emission 
of the LSPR OLED shows a good superimposition with the NPG sensi
tivity (calculated as the percentage variation of LSPR signal for a Δn of 
2.5⋅10− 2 RIU). The developed OPD exhibits an external quantum effi
ciency (EQE) of about 20% in the spectral range compatible both with 
the fluorophore emission and the LSPR response, thus enabling the 
collection of photocurrents for the two different detection modality. 

To proof experimentally the LSPR detection mode, the as-designed 
system (Fig. 3b) was fabricated. Fig. 3c shows the resulting optical 
sensor, composed of the integrated optoelectronic devices on the glass 
substrate, encapsulated with a transparent glass cap for better visuali
zation, and the NPG fabricated directly onto an encapsulation glass. The 

Table 2 
Comparison between the fluorescence signals in different configurations. *PEF 
signal is calculated as IF/I0⋅10 considering the enhancment factor reported in 
Ref. [18].  

Configuration Fluorescence signals PEF 
signal* 

Fluorophore 
concentration 
(mol/cm3) 

Emitter of 
the OLED 
for PEF 

I0 (A) IF (A) IF/I0 

(%) 
IF/I0 ⋅ 10 
(%) 

6⋅1010 Ir(piq)3 9.0⋅10− 6 9.1⋅10− 13 1.0⋅10− 5 1.0⋅10− 4 

Pt(OEP) 1.4⋅10− 7 2.3⋅10− 13 1.7⋅10− 4 1.7⋅10− 3 

6⋅1012 Ir(piq)3 9.0⋅10− 6 9.5⋅10− 11 1.1⋅10− 3 1.1⋅10− 2 

Pt(OEP) 1.4⋅10− 7 2.5⋅10− 11 1.8⋅10− 2 1.8⋅10− 1  
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OLED for LSPR is driven at a fixed current density (31 mA/cm2) and the 
OPD is driven at 0 V. The photocurrent from the OPD is collected by 
means of an Electrochemical Workstation over time and the NPG surface 
is alternately and sequentially exposed to ethanol/water solutions at 
different concentrations (sample solution) or water (reference solution) 
in the fluidic cell attached on top of the NPG. The tested refractive index 
changes (Δn) on the NPG surface range from 2.5⋅10− 2 RIU to 10− 3 RIU. 
In Fig. 5a it is reported the raw photocurrent data generated over time 
by the OPD in the sub-system dedicated to LSPR detection. Fig. 5b shows 
the linear dependence between the LSPR signal (ΔI/I0) and the refrac
tive index variation (Δn) at the NPG surface. To note, the lowest tested 
Δn of 10− 3 RIU with respect to water is the value used in the simulations. 
At that Δn value, the experimental LSPR signal is 0.1%, with a ΔI of 1 nA 
over a base photocurrent I0 of about 0.8 μA, in quite good agreement 

with simulations. 
For the proof-of-principle of the PEF detection mode, the second sub- 

system needed is the PEF-dedicated optical sensor (Fig. 3d). However, 
further simplifications on this sub-system were needed to allow its 
realization and test, leading to the optical sensor sub-system reported in 
Fig. 3e. Such simplification is justified as follows. First, the fabrication 
and optimization of an optical filter with spectrally and optically 
matched characteristics, that could be easily implemented in the optical 
sensor, is challenging and it is out of the scope of this work. For this 
reason, the simplified optical sensor sub-system designed in Fig. 3e, and 
realized as reported in Fig. 3f, does not include any optical filter. Second, 
the experimental biofunctionalization of the NPG with Alexa Fluor 750- 
labeled biomolecules was optimized in our previous work [14]. 
Following that procedure, the resulting number of total fluorescent 

Fig. 3. (a) Schematic representation of the designed optical sensor, comprising six channels each one performing the two detection modalities LSPR and PEF. 
Schematic representation (b) and picture (c) of the fabricated sub-system dedicated to LSPR detection only. In (c), the picture on the left is the optoelectronic 
platform comprising OPDs and OLEDs for LSPR encapsulated with a transparent glass cap for better visualization, and the picture on the right is the glass cap 
decorated with the NPG. Schematic representation of the sub-system dedicated to PEF detection only (d). Schematic representation (e) and picture (f) of the 
fabricated simplified sub-system for pure fluorescence detection. 

Fig. 4. a) Normalized electroluminescence spectra of the OLED for PEF (empty triangles) and OLED for LSPR (empty dots), absorption spectrum (dashed black line) 
and emission spectrum (solid black line) of LD700 in ethanol, spectral response (EQE) (%) of the OPD (green line), spectral sensitivity of the NPG (at normal 
incidence, for a Δn of 2.5⋅10− 2 RIU) (blue line). b) Current density (black lines) with the corresponding power of emission (pink line) for OLED dedicated to the PEF 
(empty dots) and LSPR detection (solid dots) fabricated on Cytop. c) Current density vs applied voltage plot (J–V plot) of the OPD measured in dark conditions (black 
dots) and under light illumination with an external light source (solar simulator, AM1.5G solar spectrum, optical power density 100 mW/cm2) (red dots). 
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molecules in the 10-nm thick volume above the NPG surface, at con
centrations in the μM range, is extremely low. To increase the number of 
fluorophores while keeping the fluorophore concentration in the μM 
range, the optical path should be incremented, increasing the chance to 
achieve a measurable (pure fluorescence) signal and demonstrating as a 
proof-of-principle of the reliable functioning of the optical sensor. Thus, 
the simplified optical sensor scheme in Fig. 3e does not include the NPG. 

For the fluorescence tests, Rhodamine 700 (LD700) was used as the 
fluorophore instead of Alexa Fluor 750. The spectral features of LD700 
are still compatible with the designed sensor, as reported in Fig. 4a. In 
particular, the fluorophore absorption peak at around 650 nm perfectly 
matches the peak emission of the OLED for PEF, and the fluorescence 
peak at 700 nm overlaps with the spectral response of the OPD (Fig. 4a). 
In addition, LD700 has a higher emission quantum yield (around 0.3) 
with respect to Alexa Fluor 750 (around 0.1). Finally, thanks to its large 
use in bio-imaging and bio-diagnostics, LD700 ensures lower costs and 
larger availability compared to Alexa Fluor 750. 

A pure ethanol solution and ethanol solutions of LD700 at a con
centration of 10− 4 M and 10− 5 M in standard quartz cuvettes are placed 
sequentially on top of the optical sensor to allow measuring pure fluo
rescence signals. The two OLEDs for PEF are driven at a constant current 
density of 31 mA/cm2 and the OPD photocurrent (OPD driven at 0 V) is 
recorded (see Fig. 5c). Considering that no optical filter was integrated 
in the sensor, the measured OPD photocurrent includes both the 

backscattered excitation light from the OLEDs for PEF and the pure 
fluorescence signal. Therefore, in Fig. 5d we simply report the total OPD 
photocurrent. When the sensor is exposed to pure ethanol, the recorded 
background photocurrent signal I0 is about 0.6 μA (see Fig. 5c). Since no 
NPG is present, the light reaching the OPD is due to a non-negligible 
backscattered fraction of the excited light by the wall of the quartz 
cuvette as microfluidic system. Furthermore, it can be clearly seen that 
the OPD responds linearly to increasing fluorophore concentrations due 
to the pure fluorescence contribution, demonstrating the capability of 
the developed optical sensor of performing pure fluorescence detection. 

These results are only a preliminary step in view of the fabrication of 
the multichannel and multimodal optical sensor. However, the use of the 
Cytop layer in the two sub-systems for LSPR and PEF, acting both as an 
electrical insulator/spacer between OLEDs and the underlying OPDs, 
and also as a protecting layer for the OPDs surface for the following 
fabrication steps, is a key-enabling element for the monolithic integra
tion of the optical filter (for PEF) into the sensor. While the optical filter 
integration is expected not to affect the LSPR signal, as shown in the 
simulations, it would ensure the reduction of the background fluores
cence/PEF signal and contribute to the lowering of the limit of detection 
in the fluorescence/PEF mode [29]. In addition, the optical sensor could 
benefit of the 10-times enhanced PEF signal once the NPG is integrated 
on top glass encapsulation lid. Considering the promising results herein 
reported, we aim at realizing and experimentally demonstrate the 

Fig. 5. LSPR and fluorescence signals collected from the dedicated optical sensors. OPD is driven at 0 V. The OLED for LSPR, driven at 31 mA/cm2, provides 
illumination with a total optical power of 11.8 μW at the sensing surface. The OLED for PEF and fluorescence, driven at 31 mA/cm2, provides illumination at a total 
optical power of 15.0 μW at the sensing surface. a) Experimental data of the photocurrent generated in the subsystem dedicated to the LSPR detection by the OPD 
over time when the NPG is exposed to ultra-pure water, 2%, 10%, 25% and 50% ethanol solutions. b) Experimental LSPR signal versus the refractive index change at 
the NPG surface. c) Photocurrent generated in the subsystem dedicated to the pure fluorescence detection when the sensor is exposed to pure ethanol and different 
LD700 solutions (10− 4 M and 10− 5 M). d) Experimental photocurrent from the OPD in response to different solutions: reference ethanol or LD700 solutions 
in ethanol. 
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complete, as-designed (Fig. 3a) multichannel and multimodal optical 
sensor in the near future. 

4. Conclusions 

A multichannel (enabling multiplex) and multimodal optical sensor 
based on organic optoelectronic and nanoplasmonic components, 
capable of performing LSPR and PEF detection modes, was designed and 
tested in proof-of-concept sub-systems. The optical sensor layout was 
optimized by simulations on the integrated components with matched 
spectral and optical characteristics. The optimized sensor comprises a 
NPG as the plasmonic sensing surface and multiple channels (six) 
working in backscattering configuration, each channel having one OPD 
as the light detector, one OLED enabling LSPR and two OLEDs enabling 
PEF, integrated onto the same 1-inch square optical sensor. The pre
liminary experimental results demonstrate the effectiveness of the 
sensor design and show a large potential for the development of a 
complete miniaturized optical sensor capable of multiplex and multi
modal sensing. 
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