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Abstract—Integration of organic light emitting
diodes (OLEDs) and organic photodetectors (OPDs) on
flexible plastic substrates promises compact and low-cost
optical detection units for multiplex sensors. These units
may be laminated to a microfluidic system for sensing
applications in a liquid. Here, a 6 × 6 element matrix
of alternating blue OLEDs and OPDs is demonstrated
on a single flexible plastic substrate. The devices are
fabricated by masked thermal evaporation on a 200 µm
thick polyethylene terephthalate (PET) foil. The individual
device size is 1 mm × 1 mm. Both OLEDs and OPDs
are demonstrated to work. The spectral characteristics are
shown to be suitable for fluorescence measurements. Signals
from fluorescence-labeled spots above the OPDs under OLED excitation are investigated. Successful operation of the
OLED-OPD matrix for reflection measurement is demonstrated.

Index Terms— OLED, OPD, flexible, sensor, fluorescence.

I. INTRODUCTION

FLEXIBLE and on-skin wearable sensors are highly
promising for continuous health monitoring [1].

Lochner et al. proposed the realization of a pulse oximeter
based on two types of OLEDs and OPDs on a single
flexible substrate for a wearable oxygen sensor [2]. They
demonstrated the device concept with OLEDs fabricated
on separate rigid substrates. Mayr et al. presented an array
of OPDs on a flexible substrate illuminated by an OLED
on a separate substrate [3]. Liu et al. discussed different
configurations of all-organic sensors for simultaneous oxygen
and pH monitoring; OLEDs integrated with sensing films
on rigid substrates and OPDs on separate substrates [4].
Yokota et al. presented an oximeter with two different
OLEDs and an OPD by lamination of ultraflexible foils
with different types of OLEDs and OPDs [5]. These foils
were obtained by release from a sacrificial layer and each
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foil has only one type of optoelectronic device on it. While
very impressive results are achieved with the lamination
of several ultraflexible substrates, this procedure is not
easily upscaled for the parallel fabrication of many sensor
units. We have previously demonstrated the integration of
OLEDs and OPDs on single rigid substrates in a monolithic
integration approach [6] and proposed a device configuration
for fluorescence measurements [7].

Our long-term goal is the realization of a small, multiplexed
sensor for point-of-need analysis. For example, for testing
five different parameters of interest with threefold redundancy
and three reference sites, 18 simultaneous measurements need
to be integrated on a chip. In the past we demonstrated a
hand-held camera system for multiplex detection [16]. This
approach combined a camera readout system with a disposable
chip. An even more compact approach is proposed here based
on hybrid integration of the optical readout system with the
microfluidic system. For biosensing the surface may be func-
tionalized with capture molecules for the binding of specific
fluorescence-labelled biomaterial. Such an integrated approach
would require only an electrical (or wireless) connection
and could be read out, e.g., with a smartphone. All sensing
elements are permanently aligned allowing a high degree of
miniaturization. Using flexible plastic materials furthermore
promises cost-effective, large-scale fabrication and rugged
systems. The key element for the hybrid integration is an
optoelectronic system providing 18 detection sites. Exclud-
ing movable parts this corresponds to 18 photodetectors –
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Fig. 1. (a) Design 1: Matrix layout with 18 OLEDs (blue) and 18 OPDs
(green) on a 200-µm thick, 2.5 × 2.5 cm2 PET foil. Device sizes are
1 × 1 mm2. (b) Design 2: 18 OLEDs (blue) and 18 OPDs (green) with
device sizes 140 × 140 µm2 on a 200-µm thick PET foil. (c) Photograph
of fabricated design 1. (d) Matrix of design 1 with microfluidic chamber
in transparent PDMS. Holes for inlet and outlet are visible. (e,f) Matrix
of design 1 with microfluidic chamber in black PDMS for stray light
suppression.

one covering each detection site. Here, we investigate the
realization of a matrix of 18 OPDs and 18 OLEDs as
excitation sources on a single flexible substrate. Using pairs
of OPDs and OLEDs allows for a flat, monolithically
integrated design.

In section II we present ray tracing simulations for two
different OLED-OPD matrix designs as shown in Fig. 1.
Design 1 uses 36 devices of size 1 mm × 1 mm and
design 2 has 36 devices of size 140 μm × 140 μm. In both
designs a 200-μm thick PET foil is used. For both designs
the case of a transparent microfluidic system is compared
to the case of a black microfluidic system. The system effi-
ciency for fluorescence sensing is calculated for the different
designs. Section III presents the fabrication procedure for
design 1. The experimental characterization of the OPD and
OLED devices is given in section IV. Furthermore, section IV
presents first fluorescence experiments. For these experiments
we employ the oxygen sensitive dye Ru(bpy)3Cl2, which is

Fig. 2. Model for ray-tracing simulations. (a) Matrix of OLEDs emitting
into the substrate and OPDs on PET foil. Fluorescence spots are above
OPDs on the other side of the PET foil. A PDMS microfluidic chip is
placed such that the fluidic channels are above the OPDs. The PDMS
fluidic channels are placed above the fluorophore arrays. (b) 2D view of
system with black PDMS microfluidics to prevent stray light.

used commonly to detect dissolved oxygen by fluorescence
quenching [9]. Conclusions are given in section V.

II. FLUORESCENCE SENSOR SIMULATIONS

First, we conduct raytracing simulations in order to estimate
the system efficiency for fluorescence sensing. As shown
in Fig. 2 OLEDs are assumed to be emitting into the substrate
and OPDs are sensitive to light incident from the substrate
side. In the hybrid integration approach the PDMS microfluidic
is assumed to be placed on the opposite side of the PET
foil from the active organic optoelectronics. This ensures that
a controlled optical path is achieved and no damage to the
devices due to the liquid is expected. The fluidic channels
are considered to be located above the row of OPDs. The
fluorophores generating the signal are located above the OPD
and the active region has the same size as the OPD. We choose
this alignment to achieve the highest fluorescence intensity.

A. Simulation Model

In the ray-tracing simulation model, we do not model the
full OLED and OPD stack. Instead we assume that the OLEDs
emit from a transparent conductive indium tin oxide (ITO)
layer with an emission power density of 1750 W/m2. The
OPDs are considered as absorptive surfaces. The microfluidic
system is modelled by a 100 μm thick polydimethylsilox-
ane (PDMS) cap with channels to transport the water-based
analyte. The channels have the same width as the OPDs.
We consider microfluidics fabricated from transparent and
black PDMS. Table I summarizes the refractive indices used
in the simulation. The emission vacuum wavelength is set
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TABLE I
OPTICAL PROPERTIES USED FOR THE SIMULATION

to 450 nm. We assume a Lambertian emission pattern for
each individual OLED and assume that the detection region
is excited by two neighboring OLEDs. The simulations are
carried out with the Ray Optics Module in COMSOL Multi-
physics®. The number of rays per release was set to 103 with
103 rays in wave vector space.

B. Simulation Results

First the irradiation profile of the top surface of the PET
foil by the OLEDs is considered. This surface is defined as a
cut-plane for accumulating irradiation power in the ray-tracing
software. Figs. 3(a,b) show the simulated emission power
density for two operational OLEDs for design 1 and design 2,
respectively. We use the same radiosity for the small devices as
for the large devices. The radiosity of the small OLEDs is kept
at 1750 W/m2. If a larger active area is desired, stripes of active
devices should be used. Note that the radiosity of the OLED is
transferred to the top surface of the PET foil above the OLED
for design 1 as the device size is significantly larger than the
PET-foil thickness. For design 2 with 140 μm × 140 μm
OLEDs the light is already spread to a larger area with a
reduced irradiance at the top side of the 200-μm thick PET
foil above the OLED.

At the position of the fluorescence region above the OPDs
only a small irradiance is found. The average irradiance on the
sensitive spot is obtained by defining the fluorophores as an
accumulator. An average irradiance of 43 W/m2 is simulated
at the location of the fluorophores for design 1 The average
irradiance at the position of the fluorophores is increased
to 228 W/m2 for design 2, which is ∼ 5 times higher than
obtained from 1 mm × 1 mm devices even though the absolute
emitted power of the smaller devices is ∼50 times lower.
Fig. 3(c) depicts a selection of rays showing that still only a
relatively small fraction of rays reaches the illumination area
of interest.

Next, we consider how much of the emitted fluorescence
reaches the detector. Here, we consider the oxygen sensitive
dye Ru(bpy)3Cl2 as an example. Suzuki et al. measured the
absolute quantum yield �P for this ruthenium complex at
298K to be 0.063 (in deaerated water) [8]. We used the
results obtained from the simulation shown in Fig. 3(a,b)
to calculate the emitted fluorescent light after the excitation
of the fluorophore. For design 1 the average irradiation of
43 W/m2 of the dye corresponds to a fluorescence radiosity
of ∼ 2 W/m2 for the given quantum yield and considering
the wavelength shift from 450 nm to 615 nm. For design 2
the average irradiation of 228 W/m2 of the dye corresponds
to a fluorescence radiosity of ∼ 10.5 W/m2. To investigate

Fig. 3. (a) Surface distribution of the 1 mm × 1 mm OLED radiosity
of 1750 W/m2 on PET-foil. (b) Surface distribution of the 140 µm ×
140 µm OLED radiosity of 1750 W/m2 on PET-foil. (c) Side view of
140 µm × 140 µm active device matrix with small selection of rays.

the amount of detected emission on the OPD, we defined the
fluorophore as a spherical ray release device with a source
radiance of 10.5 W/m2 and the OPD as an accumulator. This
results in an average irradiance of 0.48 W/m2 on the 140 μm ×
140 μm OPD device equaling a received power of ∼ 9.5 nW.
For design 1 the average irradiance is calculated to be
∼ 1 W/m2. The system efficiency from OLED radiosity in
W/m2 to OPD irradiance in W/m2 is 0.6‰ for design 1 and
0.3‰ for design 2, respectively.

Due to the better system efficiency as well as due to less
stringent fabrication requirements, we fabricated design 1.
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TABLE II
EFFICIENCY ANALYSIS

Before continuing to the experimental results, we want to
use the ray tracing simulations to consider the stray light
from OLED to OPD for the two different designs. This is
background light in the experiment.

The OLED stray light on the OPD is simulated by defining
the OPD between two OLEDs as a ray detector. This function
counts the incident rays, which are reflected by interfaces.
For the design 1 and transparent PDMS, we obtained a value
of 1.8%, i.e., 1.8% of the total number of released rays is
directly detected on the OPD. In contrast, for device 1 and
black PDMS, modeled as perfect absorber, we observe a
reduction to 0.05%.

In design 2 we chose the lateral dimension Xmax of one
OLED-OPD pair in Fig. 2(b) such that the ray shown is just
at the critical angle for total internal reflection θC. Thus, light
guided by total internal reflection does not reach the OPD in
this design. All other rays directly incident from the OLED
onto the fluorophore have a smaller angle. For the interface
between water with a refractive index nH2O = 1.3376 and
PET with nPET = 1.6 we obtain θC ≈ 57◦. For a PET-foil
thickness of 200 μm this gives us a value of Xmax ≈ 300 μm.
Consequently, the individual device size was set to 140 μm ×
140 μm with a distance of 20 μm between devices.

Due to the close positioning of OLEDs and OPDs, stray
light is effectively suppressed for design 2 and is 0% within
the simulation assumptions. The simulation results are sum-
marized in Table II.

III. OLED-OPD MATRIX FABRICATION

Fig. 1 depicts the matrix layout of design 1, which we
fabricated. The OLED and OPD layer sequences are given
in Fig. 4. We realized 18 OLEDs and 18 OPDs with an active
area of 1 × 1 mm2 each on one substrate. The OLED-OPD
matrix is fabricated on a 25 × 25 mm2 polyethylene tereph-
thalate (PET) foil with a thickness of 200 μm and with an
indium tin oxide (ITO) top layer of 20 nm (EMI Tape Co.,
Thorlabs).

Fig. 4. Schematic diagram of OLED stack (left) and OPD stack (right)
on a single PET substrate. The function of the layers is as follows: ETL:
electron transport layer, EML: emission layer, HTL: hole transport layer.

Via ultraviolet (UV) lithography and wet etching, the ITO
layer is structured to form transparent anode contact pads.
For this purpose, the PET coated with ITO is cleaned
first in acetone and then in isopropanol in an ultrasonic
bath for 10 minutes, each. After dehydrating the sample
for 15 minutes at 90◦C on a hotplate, the photoresist (AZ1518,
MicroChemicals) is spin coated at 2850 rpm for 30 seconds.
Then a soft bake for 60 seconds at 90◦C on a hotplate
is performed. After UV exposure and resist development
(60 seconds with developer AZ726 MIF, MicroChemicals,
stopped with deionized (DI) water) the resist is hardened at
115◦C for 60 seconds. To remove the excess ITO and form the
ITO anode pads the sample is etched with 30% hydrochloric
acid for 2 minutes. Next, the resist is stripped off the sample
by using acetone for 2 minutes and isopropanol for 10 minutes
in an ultrasonic bath.

Before the first organic layers for the OLEDs and OPDs are
processed the samples are dehydrated for 12 hours at 90◦C and
treated with oxygen plasma (2 minutes, 8 sccm O2 and 100 W
RF power) such that the surface becomes hydrophilic for better
adhesion of the organic layers.



7544 IEEE SENSORS JOURNAL, VOL. 20, NO. 14, JULY 15, 2020

First an organic 90 nm thin layer of poly(3,4-ethylenedioxy
thiophene):polystyrene sulfonate (PEDOT:PSS, Sigma-Aldrich
Chemie GmbH) is deposited by wet-process using the spin-
coating technique (3500 rpm, 30 s) on top of the anode.
Following this common step for both OLEDs and OPDs,
the remaining organic layers on top of the PEDOT:PSS are
evaporated using a thermal evaporation system.

The OLED layer structure is as follows: a layer
of 60 nm of N,N’-Bis(naphthalene-1-yl)-N,N’-bis(phenyl)
benzidine (NPB) as hole transport layer (HTL), then for
the emission layer a 20 nm of 4,4’-Bis(2,2-diphenylvinyl)-
1,1’-biphenyl (DPVBi) doped with 5% of 4,4’-Bis(9-
ethyl-3-carbazovinylen)1,1’-biphenyl (BCzVBi) to generate a
narrowband emission spectrum in the blue spectral range.
For the combined electron transport layer (ETL) and hole
blocking layer (HBL) a 30 nm layer of 4,4’-Bis(9-ethyl-3-
carbazovinylene)-1,1’-biphenyl (BPhen) is deposited, followed
by cathode pads consisting of 1 nm lithium fluoride (LiF)
and 150 nm aluminum (Al).

The OPD layer structure on the PEDOT:PSS starts with
an electron donor layer of 20 nm Copper(II) phthalocyanine
(CuPc), then an electron acceptor layer of 40 nm C60,
followed by 12 nm BPhen (ETL). The cathode pads have
the same layer structure as for the OLED. Fig. 2(c) shows a
photograph of a fabricated device matrix operated with a 9 V
battery.

For the microfluidic system we suggest to employ
a black flexible polymer for the suppression of stray
light. We fabricated microfluidic chambers by molding
polydimethylsiloxane (PDMS) mixed with Carbon Black
(Ketjenblack®EC-600JD, Akzo Nobel Polymer Chemicals
B.V.) from a Teflon mold. These systems are still rather bulky
as shown in Fig. 1(e,f), but may be further miniaturized.

IV. EXPERIMENTAL CHARACTERIZATION

A. Single-Device Characterization

To prevent degradation of the organic materials during the
characterization in the oxygen environment the OLED-OPD
matrix was encapsulated with glass and placed in a dark-
ened environment. Characterization is performed without the
microfluidic chamber. Two Source Measure Units (SMUs) are
used for electrical characterization. The I-V characteristic of
the OLED fabricated on PET foil is shown in Fig. 5(a). The
emission area of the OLED is aligned above a S1223-01 pho-
todiode (Hamamatsu Photonics K.K.) to obtain the relative
light output at different operating voltages. For comparison
the I-V curve for an OLED on glass with the same layer
stack, but 130 nm ITO anode is plotted as well. The OLEDs
fabricated on PET foil show a higher onset voltage and a
poorer luminous efficiency. This is attributed to the series
resistance of the thin 20 nm ITO layer.

The OPD device characteristics are shown in Fig. 5(b). The
I-V curves of two sample OPDs – one on PET and one on
glass – are measured under dark conditions and illumination
by a red LED operated at 2.5 V and 20 mA (10560 mcd,
LL-503VC2E-V1-4DC, Lucky Light Electronics Co., Ltd).
The OPD on PET (blue) and on glass (red) show typical

Fig. 5. (a) I-V curve (left) and the light output with voltage (right) for
an OLED fabricated on glass (orange) and an OLED fabricated on PET
(blue). (b) I-V characteristic of the OPDs fabricated on PET and glass in
the dark and under illumination.

diode characteristics. The open-circuit voltage and the short-
circuit current under illumination were observed to be 354 mV
and -1.21 μA for PET and 216 mV and -2 μA for glass,
respectively. The I-V curves show that the light conversion
efficiency of the glass device is higher than on PET foil. More
details on the device behavior were presented in [17] and [18].

B. OLED-OPD-Pair Characterization

Using a simple matrix electrode design leads to leakage
currents when operating OLEDs and OPDs simultaneously.
Thus, we fabricated a second-generation matrix with an elec-
trode design galvanically separating neighboring OLED and
OPD devices. In Fig. 6(a) we plot the OPD short circuit
photocurrent for rectangular pulse operation of the neighboring
OLED at 15 V, 1.2 mA and 0.25 Hz. This measurement was
carried out in dark environment without the black PDMS
chamber presented in Fig. 1(e,f). The switching behavior is
clearly observed and reproduced without showing degradation
of the organic materials. The light from the OLED reaching
the OPD through the common substrate induces an absolute
photocurrent at ∼ 3.9 nA. This is the stray light discussed
in section II. The OPD dark current amounts to ∼ 0.25 nA.
Fig. 6(b) shows the direct light of the OLED on the OPD
while manually reflecting OLED light to the OPD with an
optical mirror. In this experiment, the OLED was operated
continuously at 10 V. The absolute value of the background
current was observed to be ∼ 0.95 nA. The OPD photocurrent
increases to ∼ 7.2 nA by maximizing the reflection of direct
light. These experiments show the successful linking of OLED
and OPD.

C. Fluorescence Sensing

As the test case for fluorescence sensing we consider
the fluorophore Ru(dpp)2Cl3, which is widely used for
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Fig. 6. (a) OPD on PET short circuit photocurrent for rectangular pulse
modulated OLED at 15 V, 1.2 mA and 0.25 Hz. (b) Enhancement of OPD
signal by manual reflection of direct OLED light onto the OPD with a silver
mirror. The OLED is operated continuously at 10 V.

Fig. 7. Normalized emission spectrum of the OLED and absorption
spectrum of the OPD.

dissolved-oxygen sensing [15]. The absorption and the
emission maxima are located at 450 nm and 620 nm,
respectively. Fig. 7 shows the absorption spectrum of the
OPD layer stack and the emission spectrum of the OLED
layer stack. The devices used for this characterization were
fabricated on separate glass substrates for spectral analysis.
The spectral characteristic demonstrates that the peaks are
suitably located for excitation and fluorescence detection of
Ru(dpp)2Cl3. An additional optical filter in front of the OPD is
necessary to obtain the necessary suppression of the excitation
light in fluorescence measurements. This filter may either be
included on the substrate foil or integrated in the OPD design.

Next, we coated a PET foil with Ru(dpp)2Cl3. The immo-
bilization was performed in methyltriethoxysilane (MTEOS,
Sigma-Aldrich Chemie GmbH, Germany) by the sol-gel
process presented in [15]. The chemicals were analytical
grade and used as received. Placing this Ru(dpp)2Cl3-coated
PET foil on top of the OLED-OPD matrix we measure the
OLED spectrum through the Ru(dpp)2Cl3-coated PET foil
with a fiber-coupled spectrometer. An optical 560 nm longpass
filter (O-56, Edmund Optics, Inc.) is included in front of the
spectrometer to filter direct OLED light.

Fig. 8(a) shows the difference spectrum of the Ru(dpp)2Cl3-
coated PET foil. In the inset, we plot the original data

Fig. 8. (a) Difference spectral characteristics of the emission of a
Ru(dpp)2Cl3-coated PET foil excited by the OLED (560-nm long-pass
filter employed in both measurements). Inset: Measured data used for
differencing. (b) For comparison: Emission characteristic of Ru(dpp)2Cl3
from a dissolved oxygen quenching measurement carried out with a blue
LED.

Fig. 9. (a) Enhancement of the photocurrent by adding a Ru(dpp)2Cl3-
coated PET foil on top of the OLED-OPD matrix. (b) Signal comparison
between a clear PET foil and a Ru(dpp)2Cl3-coated PET foil.

normalized at the emission peak with Ru(dpp)2Cl3-coated
PET foil (red curve). The difference of the signals shows a
maximum, which fits to the expected emission of Ru(dpp)2Cl3
shown in Fig. 8(b).

In Fig. 9(a) we present a measurement of an OLED-OPD
matrix fabricated on PET foil, which shows the OPD photocur-
rent with a continuously operated neighboring OLED at 15 V
and ∼ 3.5 mA. The increase of the photocurrent was achieved
by adding and removing the Ru(dpp)2Cl3 coated PET foil on
top of the operated matrix.

In order to investigate if the OPD current increase is due
to a fluorescence effect or due to increased reflection off the
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substrate, we conducted a second type of experiment (using
a new matrix as the old one was degraded). We operate the
OLED with a rectangular pulse at 20 V and ∼ 2.25 mA to have
a clear base line. Then we place a non-coated PET foil above
the matrix and finally exchange this with the Ru(dpp)2Cl3
coated PET foil. Fig. 9(b) shows the resulting OPD pho-
tocurrent for two pulses in each of the three conditions –
no extra PET foil, non-coated PET foil, and Ru(dpp)2Cl3
coated PET foil. The first two peaks are caused by stray light
from the OLED to the OPD resulting in an OPD current of
∼7 nA. The second pair of peaks are caused by reflection
off the non-coated PET foil superimposed on the stray light
yielding an OPD current of ∼8.3 nA. The last pair of peaks
shows the superposition of stray light, reflectance and the
fluorophore effect of the Ru(dpp)2Cl3 coated PET foil. The
signals decrease to ∼7.6 nA in comparison to clear PET. Thus,
we conclude that absorption effects of the fluorophore reducing
the signal dominate fluorescence effects increasing it. This
result shows that for successful fluorescence sensing OPDs
with a narrowband absorption around the fluorescence or a
longpass filter for direct light suppression need to be used.
On the other hand, the experiments also clearly demonstrate
that the OLED-OPD matrix detection unit is functional and
may be used for sensing tasks requiring the measurement of
a change in direct light reflection, e.g. absorption or refractive
index measurements.

V. CONCLUSIONS

In conclusion, we demonstrated the monolithic integration
of a matrix of 18 OLEDs and 18 OPDs on a flexible sub-
strate. Operation of both device types as well as detection of
OLED light with the OPD was demonstrated. It was found
that electric matrix operation of OLEDs and OPDs leads
to leakage currents between the two device types due to
the highly different operating voltages. Galvanic separation
of OLEDs and OPDs on a single substrate prevents such
leakage currents. The lifetime of the devices was short, hence
they were characterized encapsulated with glass. This prevents
degradation of the organic layers upon oxygen contact. For
flexible applications the substrates can be encapsulated with
an additional foil on top of the active devices.

The spectra of the designed devices have suitable peak
positions for fluorescence measurements. We demonstrated the
excitation of the oxygen sensitive fluorophore Ru(dpp)2Cl3
with the OLED. The fluorescence light was observed with
a spectrometer. The OPD detects a superposition of direct
light effected by fluorophore absorption and the fluores-
cence signal. Our experiments suggest that the absorp-
tion effect is dominating in the current system. Thus,
OPDs with a narrowband absorption around the fluorescence
are preferable. Alternatively, a longpass filter needs to be
integrated.

For suppressing stray light from the OLED to the OPD
we suggest the use of smaller device sizes. Design 2 is also
preferable for a smaller overall system size.

The demonstrated flexible OLED-OPD matrix serves as
a platform technology for new multiplex sensor concepts
based on optoelectronic measurements. It is ready to use
for absorption or refractive index measurements changing the
intensity of reflected light.
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