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Conventional fluorescence sensing, despite its high sensitivity, is poorly suited for point-of-need
applications due to the bulkiness and cost constraints of standard components. An urgent market
demand exists for integrated, portable, and high-performance solutions. Here, an efficient and
miniaturized fluorescence sensor is demonstrated by innovative integration on a single substrate of
organic optoelectronic devices, such as an organic photodiode and an organic light-emitting diode, with
a polymeric distributed Bragg reflector. Optical modeling of the 3D layout of integration of the three all-
organic components allows maximizing the optical efficiency of the sensing system, which outperforms
that of state-of-the-art miniaturized fluorescence sensors by two orders of magnitude. Accordingly,
fluorescence signals from microfluidic volumes of Rhodamine 700 are detected by the sensor over a

Received 22nd November 2023, wide range of dye concentrations, ranging from 1073 M to 10® M. The optimized exploitation of the

Accepted 23rd February 2024 angular dependence of the distributed Bragg reflector filter characteristics provides a remarkable
DOI: 10.1039/d3tc04321e reduction of the undesired optical signal of excitation. As a result, a significant increase of the signal-to-

noise ratio allows for halving the detection limit of Rhodamine 700 down to 9.2 uM, thus demonstrating

Open Access Article. Published on 26 February 2024. Downloaded on 7/19/2025 12:05:59 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

rsc.li/materials-c

Introduction

Sensors are intelligent solutions for numerous life-related
applications, ranging from food quality and safety analysis to
environmental monitoring. In this context, fluorescence sen-
sing is a reference method for the detection of a plethora of
different compounds including biomolecules and metal ions."

In fluorescence sensing, a light source and a light detector
are respectively involved to excite a dye-labelled analyte and to
detect the fluorescent signal to analyse. Conventional fluores-
cence sensing systems are very sensitive, but they are typically
bulky, complex, and expensive since they are based on benchtop

“ Institute of Nanostructured Materials (ISMN), National Research Council (CNR),
Via P. Gobetti 101, Bologna 40129, Italy. E-mail: mario.prosa@cnr.it,
stefano.toffanin@cnr.it

b University of Genoa, Department of Chemistry and Industrial Chemistry, Via
Dodecaneso 31, Genoa 16146, Italy

¢ Optics For Life, Via Roma 67, Trivolzio 27020, Italy

1 Electronic supplementary information (ESI) available: Schematics of fabricated

devices; simulation of OLED’s radiance and emission spectra; electrolumines-

cence spectra of OLED with DBR filter; current density vs. applied voltage plot

(J-V plot) of the OPD with Cytop; transmittance spectrum of DBR at variable

incidence angles; contribution of BDR filter; photocurrent recorded for on-chip

system without DBR. See DOI: https://doi.org/10.1039/d3tc04321e

This journal is © The Royal Society of Chemistry 2024

the possible implementation of such innovative integrated detection scheme for biodiagnostics.

optical components such as lasers, photomultiplier tubes, or
fluorescence microscopes.” Therefore, the methodology is
usually confined to analytical labs, thus limiting its application
to occur far from the point-of-need (PON) and restricting the use
to trained personnel.

Nowadays, there is the urgent need to transfer lab-confined
technologies into the site of analysis in order to provide rapid
analytical and diagnostic feedback directly in the PON
proximity.? In this context, the typical low detection limits of
conventional fluorescence equipment need to be guaranteed
while moving towards integrated, miniaturized, and even on-
chip detection modules to be used reliably and everywhere.

Highly integrated sensors such as lab-on-a-chip systems
combining optical, optoelectronics, and microfluidic elements
on the same substrates are attracting great interest.* Recent
advances in the smart-system integration of optoelectronic
devices allowed for the development of a plethora of portable
sensors ranging from wearable oximeters to fully integrated
and self-powered sensors with multiple capabilities.®”

In this context, optoelectronic devices based on organic
semiconductors, thanks to their ease and versatility of proces-
sing by low temperature techniques,®® and the possibility to be
deposited also on plastic and flexible substrates, represent valid
candidates in realizing miniaturized and cost-effective photonic
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systems.'® A great modulation of the optoelectronic features of the
devices is further provided via a targeted design and synthesis of the
compounds.™™* Through the smart integration of organic optoe-
lectronic devices such as organic light-emitting diodes (OLEDs) and
photodiodes (OPDs), and a nanostructured metal film, we have
recently demonstrated an ultra-compact system endowed with
plasmonic sensing capabilities to assess rapid and on-site analysis
at a quality level comparable to that of laboratory tests.'*"”

Similarly, several examples of miniaturized fluorescence
sensors based on the integration of organic optoelectronic devices
have been reported in literature. In particular, the two main
components of the sensor, ie. the light excitation source and the
photodetector, are typically OLEDs and OPDs with customized
shapes which are suitably integrated monolithically on a
substrate'® or stacked vertically to provide efficient and cooperative
operation.'®* The third basic component is the sensing element,
that is a luminescent compound whose optical properties change
upon interaction with the analyte of interest.>*

One of the most common detection schemes is based on a
reflection-type configuration in which the optoelectronic platform,
including OLEDs and OPDs, triggers the fluorescence emission of
a luminescent sensing film placed on the top side.>® A quantitative
analysis is performed as a function of the amount of exposed
analyte. Although transmission-type detection schemes have been
also realized, the face-to-face architecture where the light source
and the light detector are vertically stacked on each other is
typically affected by a large background noise due to the direct
illumination of the light detector by the OLED excitation light,
which overshadows the fluorescent signal. Nevertheless, this issue
is not fully avoided in reflection-type schemes and it is still limiting
the signal-to-noise ratio.”>*> The excitation light is indeed orders
of magnitude more intense than the fluorescence signal, and still a
relevant amount typically reaches the OPD as it is only partially
absorbed by the fluorophore.

A possible approach to overcome this type of issues is to
tune the spectral characteristics of the optoelectronic devices to
avoid the direct interaction between the OLED and the OPD.
Either narrowing the emission spectrum of OLEDs>*?>°
oping spectrally selective OPDs are complex approaches that
involve a modification of the device structure.” Alternatively, the
detection scheme of the sensor can be suitably designed to
avoid the OLED light to reach the OPD as, for instance, by using
complex architectures exploiting waveguide effects.””

Diversely, in commercial instruments, this type of issues is
typically avoided by inserting optical filters in front of the
detector to reject light in the excitation spectral region and to
transmit that in the fluorophore emission spectral region.>®

Some works reported on the application of such strategy into
miniaturized sensors. However, the complex integration required
a simplification of the assembly of the system that was obtained
by coupling OLEDs, OPDs, and optical filters as independent
components.”*? This approach led to a suboptimal optical
efficiency as a result of the multiple interfaces existing between
the composing elements.

Here, we report the unprecedented combination of organic
optoelectronic devices with a polymeric optical stop-band filter,

or devel-
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onto the same substrate, as an all-organic on-chip integrated
fluorescence sensor. The components and the layout of inte-
gration are suitably designed to make the three elements work
cooperatively in a reflection-type configuration, in which an
OLED is fabricated onto the polymeric stack of the optical filter,
and it is laminated onto an OPD. In this view, an optical
simulation model is developed to effectively design the 3D
layout of the fluorescence sensing architecture. The ultra-
compact vertical stack of components allows for easy integra-
tion of the microfluidic system on the top-side, thus avoiding
possible issues arising from the turbidity of real samples.

As the optical filter, an all-organic distributed Bragg reflector
(DBR) is developed via the alternated deposition of solution-
processed layers of polymers having different refractive indices.
The spectral characteristics of the DBR filter are tailored to
guarantee both optical filtering of the backscattered excitation
light and transmission of the dye fluorescence to the OPD. The
optical performance of polymer DBRs have been demonstrated
in several photonic fields.>*>> The strong angle-dependent
characteristics of the DBR filter is one of the key-enabling
factors that allows to reach high sensing performance once
the correct layout of integration is identified. Optical simula-
tions are implemented, considering angle- and wavelength-
dependent efficiencies of all components, to determine the
optimal size and relative positioning of the elements in the
integrated system, as well as to predict the output signal from
the sensor. The sensing performance of the final miniaturized
sensor, fabricated according to the optimized design, is vali-
dated by analysing the output signal of the sensor in response
to microfluidic volumes of the model dye Rhodamine 700 (a
widely used dye for biotechnology applications) at variable
concentrations ranging from 107> M to 10~ ° M.

Results and discussion

Fig. 1a shows the concept of the all-organic on-chip integrated
fluorescence sensor. To optimize the fluorescence detection in
a reflection-mode scheme, the proposed architecture mini-
mizes the lateral distance between the light source and the
light detector by stacking all active components rather than
using the traditional side-by-side configuration. Specifically,
the OLED is directly fabricated on top of the OPD, while the
DBR filter is integrated in between them. In the principle of
operation, the fluorescent sample is placed at the top of the
system, and it is excited by a top-emitting OLED light source.
The isotropic fluorescence emission arising from the sample is
collected by a top-absorbing OPD placed beneath the OLED and
spanning over a larger area at the sides of the OLED. The DBR
filter prevents the backscattered excitation light to be detected,
while it transmits the fluorescence signal to the OPD.

For the validation of the fluorescence sensing operation,
Rhodamine 700 (LD700) was identified as a suitable model dye
due to the large use of Rhodamine-based fluorophores in bio-
imaging and bio-diagnostics.>® In addition, spectral features
such as the small Stokes shift of 32 nm is also similar to that of

This journal is © The Royal Society of Chemistry 2024
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(a) Simplified representation of the proposed fluorescence sensor. (b) Current density vs. applied voltage plot (J-V plot) of the OPD measured in

dark conditions (black dots) and under light illumination (red dots). (c) External quantum efficiency (EQE) of a pristine OPD (red line) and of a spectrally
selective OPD (black line) obtained by integration of the DBR optical filter. The red area highlights the spectral region of OLED emission, the blue area the
spectral region of the fluorescence emission of LD700. (d) Normalized electroluminescence spectrum of the Pt(OEP)-based OLED (red line), absorption
(dotted blue line) and emission (solid blue line) spectra of LD700 in ethanol. (e) Current density (black lines) with the corresponding power of emission
(pink line) for OLED fabricated on glass (solid line), on Cytop (squares), on DBR filter (triangles). (f) Reflectance spectra of the DBR filter fabricated on a PET
substrate; coloured lines refer to measurements on different regions of the 25 x 25 mm? sample as shown in the inset.

other fluorescent molecules which are used for cell labelling.?”
Before fabricating the integrated fluorescence system, the
organic optoelectronic components were designed so to have
well matched optical and spectral characteristics. The compos-
ing elements were first optimized by fabrication on indepen-
dent substrates. A blend of zinc phtalocyanine and fullerene
was selected as active layer of the OPD, due to the wide spectral
response in the visible range that is suitable to detect the
fluorescence emission of LD700.>**° A top-adsorbing OPD
structure (Fig. Sla, ESIt) was optimized in terms of electrical
and optical characteristics by tuning the type and thickness of
interlayers and by introducing a refractive index matching layer
(IML) onto the semi-transparent cathode to obtain a device that is
highly sensitive at the peak wavelength of emission of LD700, that
is 680 nm (Fig. 1d). Good diode-like characteristics were measured
in both dark and light conditions (Fig. 1b). Under AM1.5G
illumination, the OPD showed a short-circuit photogenerated

This journal is © The Royal Society of Chemistry 2024

current density (Jsc) of 7.5 mA em > and an open-circuit voltage
(Voc) of 0.5 V, in agreement with literature.*®*® As a result, the
detectivity (D*) resulted to be 1.2 x 10" Jones at —0.4 V. These
data highlight the high device quality, which allows to efficiently
drive the OPD at 0 V during light sensing, without the need to
operate under reverse bias to ensure high performance. The
achievement of the desired spectral response was evidenced in
the external quantum efficiency (EQE) spectrum, that covers the
range of wavelengths between 610 and 800 nm with values over
25% at 680 nm and a maximum response at 790 nm, which allows
recording the full emission of LD700 (Fig. 1c). In addition, the
linearity of the OPD response as a function of light intensity was
also verified (Fig. S2, ESIY). As the light source of the system, a top-
emitting OLED based on the platinum octaethylporphyrin
(Pt(OEP)) complex was developed. Compared to other state-of-
the-art dopants of host:guest emissive layers, Pt(OEP) provides
an efficient and narrow phosphorescent emission with a typical

J. Mater. Chem. C, 2024, 12, 4243-4252 | 4245
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full width at half maximum (FWHM) of a few tens of nm.***" I
accordance with literature, the electroluminescence spectrum of
the developed OLED presents a maximum of emission at 644 nm
with a FWHM of 20 nm (Fig. 1d). While the emission maximum
perfectly overlaps with the absorption spectrum of LD700, the
narrow FWHM facilitates the development of the stop-band DBR
filter with not-strict requirements on the bandwidth. The OLED
stack was developed to enable the light emission from the top side,
thus comprising a reflective Ag layer as the bottom anode electrode
and a semitransparent top cathode electrode (Fig. S1b, ESIt). As in
the case of OPD, the structure was optimized by the fine tuning of
the composition and thickness of the interlayers, and by including
an organic IML to favor light extraction from the top of the device.
The commercial software SETFOS*? provided by Fluxim was used
to simulate and to optimize the OLED architecture in terms of
spectral shape and intensity of emission (Fig. S3, ESIT). Fig. 1le
shows the optoelectronic characteristics of the OLED fabricated
following the simulations. The performance of the OLED results at
the state-of-the-art for similar devices,** reporting a turn-on voltage
of 2.5 V and an optical power of 15.0 & 3.2 uW at a current density
of 31 mA cm ™2 that is reached by driving the device at 6.7 & 0.1 V.

The DBR optical filter was developed on a 0.125 mm-thick
adhesive polyethylene terephthalate (PET) substrate. The use of
solution processable materials and of a thin, transparent and
flexible substrate enables the easy integration and adhesion of
the DBR filter onto the OPD. The spectral requirements of the
DBR filter were optimized to have an optical rejection of at least
90% (for the suitable angle) in correspondence of the emission
peak of the OLED, and a transmission above 90% in the
spectral region of the fluorescence signal (above 700 nm,
Fig. 1f). The materials selected for the DBR filter to respond
to the above requirements are the two polymers Aquivion® (AQ)
and poly(N-vinylcarbazole) (PVK), which have refractive indexes
of 1.34** and 1.68,* respectively. The thickness of the depos-
ited layers was around 120 nm and 97 nm, as calculated by
numerical modeling.*® The combination of 20.5 AQ/PVK
bilayers allowed to reach an optimal trade-off between a suffi-
ciently low complexity of the DBR filter processing and a
maximized rejection efficiency. The homogeneity of the struc-
ture was relatively good, as indicated by the similar reflectance
spectra collected in various regions of the filter (Fig. 1f). The
FWHM resulted to be around 100 nm. The difference in peak
intensity is due to the difficulty of optically focusing the curved
sample in the normal incidence setup. Calculations of theore-
tical spectra reported in Fig. S6a (ESIt) suggest that the actual
peak reflectance should be that of spots 7-9 of Fig. 1f, over
95%. Little spectral variations of shape and spectral position of
the rejection region on different spots of the sample can be also
ascribed to layer thickness fluctuations arising from solution
processing on a flexible substrate.

As a preliminary test, we evaluated the efficiency of the DBR
filter when coupling it to the OLED, both as standalone elements,
in transmission configuration. The integrated spectrum of emis-
sion of the OLED showed an overall reduction of about 78% after
passing through the DBR filter (Fig. S4, ESIt). Taking into account
that contributions from different wavelengths around the peak

n
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should be considered, the overall rejection of the OLED emission
by the DBR filter was expected to be below 90%.

A thin layer of Cytop®™, an optically transparent and elec-
trically insulating perfluorinated polymer, was first deposited
onto the OPD, to guarantee a good adhesion and a low surface
roughness for the DBR filter integration. The Cytop layer also
protects the OPD surface from possible unwanted scratches
occurring during the DBR integration. The Cytop-planarized
OPD surface resulted very homogeneous and flat. The OPD
performance was preserved after the Cytop deposition (Fig. S5,
ESIY). It is worth noting that the use of a protective polymeric
layer on top of the OPD can be considered as propaedeutic step
for the direct deposition of the DBR active layers onto the OPD,
thus further improving the level of integration of the system.
Nevertheless, the fabrication of the DBR filter from solution
could affect the performance of the OPD, e.g. through moisture
or residual solvent percolation from the DBR layers into the
OPD active layers. Instead, the fabrication of the DBR filter on a
separate substrate such as thin PET is the best trade-off to
guarantee a robust process of integration while avoiding to
affect the OPD performance.

The effective integration of the DBR filter on top of the OPD
was verified by measuring the spectral response of the resulting
integrated system, ie. the spectrally-selective OPD (Fig. 1c). In
correspondence of the DBR rejection band of the DBR filter (at
650 nm), the EQE was reduced to 7%, whereas minor differ-
ences were observed in the spectral region of the fluorophore
emission (above 700 nm).

The final step prior to the development of the integrated
sensor is the check of the OLED functionality and performance
once fabricated on top of the multilayered OPD/Cytop/DBR stack.
Remarkably, the resulting OLED showed similar performance as
the reference OLED on the glass substrate, presenting a voltage of
6.5 + 0.1V and an optical power of 15.7 &+ 1.7 pyW when driven at
a constant density current of 31 mA cm™ > (Fig. 1e).

The development of the OPD, the DBR filter, and the OLED
allowed to obtain three components with spectral characteristics
that are compatible and suitable for the detection of fluorescence
signal of LD700 (Fig. 1c and d). Nevertheless, having a good
spectral overlap between the optical elements is not sufficient to
produce an efficient integrated sensor. The process of system
integration also requires a keen analysis of the 3D geometry of
the system. For instance, OLEDs are not pointlike light sources
and their emission is not collimated, therefore the Lambertian
angular emission needs to be considered in the design of sensor."®
Consequently, the in-plane dimensions and respective distances of
the optical and optoelectronic elements are of pivotal importance
for the effective operation of the system.

A simulation tool based on optical ray tracing was used with
two main aims: (i) to identify the most effective system-layout;
(ii) to simulate the output signal from the sensor under
different conditions.

The simulation of the layout comprising light source and
light detection, without the optical filter, was first carried out in
order to determine the best position and the dimensions of
single components and to validate the scheme of detection.

This journal is © The Royal Society of Chemistry 2024
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Optical and spectral experimental characteristics of the OLED,
OPD and fluorophore served as input data of the simulation
tool. The simulated vertical-stack suggested the OLED having
lateral (x) dimension of 500 um, that is placed on the top of the
OPD extending symmetrically at the sides of the OLED (total
lateral dimension of the light-sensing surface: 2200 pm). The
proposed layout showed a system efficiency of 0.13% calculated
as the ratio between the fluorescence radiation reaching the
OPD and the emission power of the OLED. If compared to state-
of-the-art sensors®” typically in a side-by-side configuration of
OLEDs and OPDs, the accurate design of the system allowed
increasing the efficiency by two orders of magnitude, thus
confirming the effectiveness of the here proposed system-
integration approach.

To verify the effect of the DBR filter on the system operation,
the spectral and angular optical responses of the DBR filter were
introduced in the simulation tool. Since the spectral response of
DBR filter strongly depends on the angle of incidence of the
incoming light (Fig. S6, ESIt), the design of the integrated system
considered multiple-wavelengths and multiple-angles contribu-
tions. Accordingly, the modeled spectrum of the OLED backscat-
tered light impinging on the OPD was analyzed (Fig. 2a).

In presence of the DBR filter, a decrease of the optical signal
at around 650 nm, that corresponds to the OLED emission
peak, was clearly evidenced with respect to the sensor without
any optical filters. The spectrum is instead unaffected in the
other spectral regions thus confirming the effective operation
of the DBR in the integrated system. It is worth noting that the
reduction of OLED backscattered signal due to the DBR filter is
less pronounced in the integrated system (Fig. 2a) than for the
measure made in transmission mode on the independent
components (Fig. S4, ESIt). This remarks the importance of
simulating the on-chip integrated system considering the full
angular characteristics of all the components.

To evaluate the response of the system in a real-case
application, the output signal was simulated as a function of
fluorophore concentrations ranging from 107> M to 10~ ° M.
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The output signal is calculated as Al/l,, where AI is the
difference between the photocurrent of the OPD exposed to
the fluorophore solution (I) and the photocurrent of OPD in
absence of the fluorophore (exposed to a pure ethanol solution)
(Io)- As expected, the presence of the DBR improves the output
signal in the whole range of LD700 concentrations with respect
to the pristine system (Fig. 2b). An in-depth analysis highlights
that the beneficial effect of the DBR is more pronounced at low
dye concentrations, while decreasing at higher concentrations
(Fig. S7, ESIt). This specific behavior likely arises from fluores-
cence self-absorption occurring in the more concentrated fluor-
ophore solutions. Indeed, this effect cannot be neglected
considering the low Stokes-shift of LD700.*® A further proof
of such behavior is the trend towards saturation of AI/I, at
LD700 concentration above 0.13 mM (Fig. 2b). Before realizing
the integrated system, a further step of optimization of the
layout was carried out by verifying the optimal in-plane position
of the OLED with respect to the OPD. The lateral position of the
OLED is expected to have an impact on the system response as
a result of the angular dependance of the DBR characteristics.
Two different positions were evaluated, one in which the OLED
is placed in correspondence of the outermost side of the OPD,
the other one in which the OLED is instead located in the
middle of the OPD. Fig. 2b shows that a central configuration is
the most effective for fluorescence detection, as highlighted by
the increased Al/I, at each LD700 concentration.

Based on the output of simulations, the on-chip integrated
system was fabricated (Fig. 3 and Fig. Sic, ESI).

In view of real-setting applications when multiple samples
are typically analysed simultaneously, the number of sensors
on a single substrate was maximized. Therefore, 6 identical
integrated systems, each including the OPD, the DBR filter and
the OLED, were fabricated on a substrate, and a microfluidic
chamber with a volume of 350 pL was placed on top of it. In
details, 6 OPDs were thermally deposited onto a glass substrate;
a layer of Cytop was spin-coated onto the OPDs for electrical
insulation; a DBR filter was first fabricated on a plastic
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(a) Simulation of the spectral distribution of light reaching the OPD in absence and in presence of the DBR filter, for the system exposed to a

reference solvent. (b) Simulations of the output signals of the systems without DBR (red line) and with integrated DBR in different geometries (blue and
black lines) in response to different concentrations of LD700 fluorophore in ethanol.
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_ Glass substrateé

) =

Fig. 3 Schematic representation (top side) and relative pictures (bottom side) of all steps involved in the fabrication process of the on-chip organic
optoelectronic system for fluorescence detection. In details, 6 OPDs (green stripes) are fabricated onto a glass substrate (a); a layer of Cytop (yellow) is
spin-coated onto the OPDs for electrical insulation (b); a DBR filter (violet) is first fabricated on a plastic substrate and, through a peel-off transfer process,
it is then laminated onto the OPDs+Cytop platform (c); 6 OLEDs (red stripes) are fabricated on top of the resulting platform, each corresponding to 1

OPD, to obtain the on-chip integrated fluorescence system (d).

substrate and then laminated onto the OPDs+Cytop platform
via a peel-off transfer process; 6 OLEDs were eventually fabri-
cated on top of the resulting platform, each corresponding to 1
OPD, to obtain the on-chip integrated fluorescence system.

To verify the system operation, the signal from the on-chip
integrated system in response to solutions of LD700 at concentra-
tions from 0.05 mM to 1 mM was recorded (Fig. 4a). Pure ethanol
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was used as the reference medium. The measurements were
carried out by driving the OLED at a constant density current
(31 mA cm™?) and recording the OPD photocurrent over time
during the sequential flow of the different solutions in the micro-
fluidic chamber. As shown in Fig. 4a, an increase of the OPD
photocurrent is observed in response to solutions at increasing
dye-concentrations, thus demonstrating the ability of the sensor to
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(a) Experimental data of the photocurrent generated by the OPD over time when the fluorescence system is exposed to pure ethanol and

different LD700 solutions at the following concentrations: 0.05 mM, 0.1 mM, and 1 mM. (b) Mean OPD photocurrent with the relative standard deviation
when the fluorescence system is exposed to LD700 solutions with concentrations ranging from 3.1 uM to 1 mM. (c) Magnification of panel b in the range
of LD700 concentrations ranging from 3.1 uM to 37 uM using pure ethanol as reference. (d) Signal to noise ratio and relative standard deviation calculated
when the on-chip integrated system with (black line) and without (red line) DBR is exposed to LD700 solutions at different concentrations.
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detect fluorescence signals. Specifically, the background photo-
current signal I,, recorded in absence of fluorophore molecules (in
response to the reference pure ethanol), amounted to 270 nA,
while an increase by about 100 nA was recorded when introducing
0.05 mM LD700 in the microfluidic system. The non-negligible
background is due to the residual OLED light that is backscattered
by the microfluidic wall and it is not completely stopped by the
DBR filter, thus reaching the OPD.

To evaluate the limit of detection of the on-chip integrated
system, the output signal was recorded for a wider range of
concentrations of the fluorophore (Fig. 4b). Measurements
were repeated several times to test the reliability of the devel-
oped system and to evaluate the standard deviation for each
concentration. To note, dye concentrations from mM to uM
were clearly detected (Fig. 4b) and, as shown in the magnifica-
tion reported in Fig. 4c, the lowest detectable fluorophore
concentration was 9.2 pM. Recording such a low amount of
dye highlights the good real-setting compatibility of the on-chip
integrated system as indicated by the good correlation between
the lowest detected dye concentration and the typical concen-
tration of cell-permeant nucleic acid stains used for deoxyribo-
nucleic acid (DNA) detection of bacteria and animal cells.
Furthermore, the lowest detected concentration value is even
lower, by about one order of magnitude, with respect to
recommended concentrations used for yeasts.*”

According to the exponential proportionality to the dye
concentration, an approximately linear response of the OPD
output signal in the range of concentrations between 10™* M
and 10> M is observed (Fig. S8, ESIt). Higher concentrations
induce deviations from the Beer-Lambert’s law thus reducing
the slope of the linearity.

It is worth noting that the OPD photocurrent in response to
a 3.1 uM solution of LD700 (Fig. 4c) is lower than the back-
ground OPD photocurrent I, (in response to pure ethanol). A
possible explanation of this trend is the following: in absence of
fluorophore molecules, the OLED light is backscattered both by
the bottom and the top walls of the microfluidic chamber; in
presence of a small amount of fluorophore molecules in the
microfluidic cell, the intensity of the OLED light that is back-
scattered by the microfluidic top wall is reduced by absorption
from the molecules in solution. Since LD700 is endowed with a
non-ideal photoluminescence quantum yield of 0.37,® and the
number of molecules in solution is low at this concentration,
the decreased intensity of backscattered light from the OLED is
not compensated by the fluorescence intensity. This implies
that the photocurrent from the OPD in response to such a low
concentration of fluorophore is lower in absolute value with
respect to the baseline (I). Under this experimental condition,
the on-chip integrated system indirectly allows to further
decrease the limit of detection up to 3.1 uM.

The pivotal role of the DBR within the integrated system is
verified by repeating the same measurements illustrated above
on the on-chip integrated sensor without the DBR filter (Fig. S9,
ESIT). Evaluation and comparison of the output signals are
carried out by calculating the relative photocurrent signal
variation (Al/l,) in response to all dye concentrations
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(Fig. 4d). Experimental results confirm the trend obtained from
simulations: in absence of the DBR filter, the larger I, lowers
Alll, at all dye concentrations. Overall, the lowest detectable
concentration of LD700 amounts to 18 uM for the system
without the DBR, which is two times higher than for the system
with DBR.

Experimental

Materials of the on-chip system

For the OLEDs and OPDs fabrication, N,N’-di(1-naphthyl)-N,N’-
diphenyl-(1,1’-biphenyl)-4,4’-diamine (NPD), tris(8-hydroxy-
quinolinato)aluminium (Alqz), Platinum octaethylporphyrin
(Pt(OEP)), Molibdenum oxide and Fullerene (Cq,) were pur-
chased from Sigma Aldrich. Zinc(u) phthalocyanine (ZnPc) were
purchased from TCI Europe. Dipyrazino[2,3-f:2/,3’-h]quinoxa
line-2,3,6,7,10,11-hexacarbonitrile (HAT-CN) and 2,2/,2-(1,3,5-
benzinetriyl)-tris(1-phenyl-1-H-benzimidazole) (TPBi) were pur-
chased from Luminescence Technology Corp. All chemicals
were used as received without further purification.

DBR fabrication

DBRs were fabricated by spin-coating on clear PET substrates
0.125 mm thick, using poly(N-vinylcarbazole) (PVK, Acros
Organics) dissolved in toluene (concentration 30 mg ml™') as
high refractive index material and an Aquivion water dispersion
(Solvay Specialty Polymers) diluted 1:10 in ethanol as low
refractive index material. Layers were cast by dynamic spin-
coating of 100 pl of polymer solutions at 110 revolutions
per second, alternating between high and low index polymer.
Each structure is composed of a total of 41 layers, stacked one
on top of the other starting from the high-refractive index one.

On-chip system fabrication and development

The deposition of the organic and metal layers of the OPDs was
carried out by vacuum thermal evaporation in a high-vacuum
deposition chamber at a base pressure of 10~° mbar. Top-
absorbing OPDs were fabricated onto a glass substrate. Before
the deposition, the substrates were cleaned by sonication in
acetone for 10 min, then in 2-propanol for 10 min. The OPD
multilayer structure was: glass/Ca (thickness: 3 nm)/Ag (thick-
ness: 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)/Alq; (thickness: 120 nm). The Alq; layer on top of the
device acts as index matching layer.

Top-emitting OLEDs based on Platinum octa ethylporphyrin
(Pt(OEP)) emitter were fabricated by thermal evaporation
in a high-vacuum deposition chamber at a base pressure
of 10~® mbar. The OLEDs multilayer structure was: Ca (thick-
ness: 3 nm)/Ag (thickness: 100 nm)/MoOx (thickness: 40 nm)/
NPD (thickness: 30 nm)/Alq;:Pt(OEP) (doping 10%; total thick-
ness: 30 nm)/TPBi (thickness: 25 nm)/Ca (thickness: 3 nm)/
Ag (thickness: 15 nm)/NPD (thickness: 60 nm). The NPD layer
on top of the device acts as index matching layer.
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A 1 square inch glass substrate comprises 6 on-chip systems.
Glass substrates were cleaned by sonication in acetone for
10 min, then in 2-propanol for 10 min. OPDs were deposited
by vacuum thermal evaporation by the use of shadow metal
mask, then a 900 nm transparent fluoropolymer (Cytop, from
AGC Chemicals Europe Ltd), was deposited by spin coating on
top of OPD devices. An annealing step of 2 hours at 80 °C in
vacuum was carried out in order to remove the residual solvent
from the polymeric layer. The DBR filter, previously fabricated,
was attached onto the Cytop layer by electrostatic forces and 6
OLEDs were then deposited onto the filter by vacuum thermal
evaporation. A schematic of the fabrication steps is reported in
Fig. Sic (EST¥).

The optical modelling of the on-chip system was performed
by using the software ANSYS ZEMAX OpticStudio — Premium
Edition.

Solutions of Rhodamine 700 were prepared by dissolving the
proper amount of powder in ethanol to obtain the following
concentrations: 1 x 10> M, 1.3 x 107 M, 3.7 x 107> M, 1.8 x
107° M, 9.2 x 10°° M, 3.1 x 10" ° M.

Optical and optoelectronic characterizations

A custom setup based on optical fibers was used to measure the
reflectance spectra of the DBRs. Samples were placed under the
probe of an Avantes BIF-600 UV-VIS-NIR optical fiber. The normal
incident light beam impinged on the sample surface from a DH-
2000-BAL (Ocean Optics) deuterium and tungsten-halogen
sources (spectral range 230-2500 nm). The reflected signal was
conveyed by the same fiber to an AvaSpec-ULS4096CL-EVO
detector (Complementary Metal-Oxide Semiconductor; spectral
range 200-1100 nm; resolution 1.3 nm) for collection. The
reflectance was measured as the ratio between the collected
signal and that reflected off by a suitable silver mirror reference.

The current-voltage (I-V) characteristics of OPDs were
recorded in dark conditions inside a glovebox using a standard
SUSS probe station coupled to a B1500A Agilent semiconductor
device analyzer. The same equipment was also used with the
device under simulated AM1.5G illumination of 100 mW c¢cm >
(Abet Technologies Sun 2000 Solar Simulator). EQE measure-
ments were performed using a home-made setup (wavelength
step size of 2 nm). Monochromatic light was generated by a
xenon arc lamp from Lot-Oriel (300 Watt power) coupled with a
monochromator (Spectra-Pro) by means of a parabolic mirror.
The light beam was pulsed by means of an optical chopper
(Thorlabs) at frequency equal to 80 Hz. The photocurrent
generated from the devices at zero bias and from the calibrated
Si photodiode were recorded with a digital lock-in amplifier
(Stanford Research Systems SR830). The acquired signal from
calibrated reference photodiode was used to calculate the
power of the incidence light beam and then the external
quantum efficiency (EQE) of the OPD.

OLEDs electrical measurements were performed in a glove-
box using a standard SUSS probe station coupled to a B1500A
Agilent semiconductor device analyzer. The optical output was
measured from the top by using a silicon photodiode (sensitiv-
ity of 0.49 A W' at 766 nm). Electroluminescence spectra on
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encapsulated OLEDs were collected in air by using a calibrated
optical multichannel analyzer (PMA-11, Hamamatsu).

In the electrical characterization of the on-chip integrated
system, the OPD photocurrent was recorded by driving the
OLED at a constant density current of 31 mA cm ™2 through a
B1500A Agilent semiconductor device analyser. The resulting
solutions in quartz cuvettes (Macro cell type 110-QS Hellma
Analytics, volume 350 pl, light path 1 mm) were then placed
onto the on-chip system for the analytical session.

Conclusions

An all-organic on-chip integrated system for fluorescence detection
was demonstrated through the combination of OPDs and OLEDs
with a polymeric DBR filter. The single components were suitably
designed and developed to work cooperatively in a reflection-mode
configuration, in which OLEDs are stacked on the top of the
engineered DBR band-stop filter, that is integrated onto the OPDs.
Considering the experimental wavelength- and angle-dependent
characteristics of each component, optical simulations allowed to
identify the most effective layout of system, in terms of size and
relative positioning of the components, to maximize the sensitivity
to detect fluorescence signals. According to the optimized layout,
the as-designed integrated system was fabricated and the fluores-
cence sensing capability was validated by analysing the depen-
dence of the OPD photocurrent in response to different solutions
of the model fluorescent dye LD700. Easily detectable and repea-
table OPD electrical signals were recorded in response to dye
concentrations in the range from 10~ M to 10~° M. The advantage
of including in the system a DBR filter, which reduces the back-
scattered OLED light reaching the OPD, was evidenced by the
improved signal-to-noise ratio that halved the limit of detection of
the sensor in comparison with the system without the DBR filter.
This approach allowed the detection of LD700 solutions having
concentrations as low as 9.2 pM.

Further improvements on the sensitivity could be achieved
by (i) selecting fluorophores with higher absorption coefficient
and photoluminescence quantum yield, (ii) enhancing the
optical response of OLEDs and OPDs, and (iii) guaranteeing
that all photons emitted (isotropically) by the fluorophore
convey towards the OPD.

The development of a highly integrated and miniaturized
on-chip fluorescence sensing system based on all-organic com-
ponents paves the way to a class of cost-effective and, in
principle, conformable devices for the everyday use of sensors.
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