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Abstract

In this work, we present simultaneous organic light-emitting diode (OLED) stack optimization and optical modelling for a blue
microcavity-OLED (MOLED) based on AZO anode to be used as algae excitation light in optical biosensor. Fluorescent materials
(MADN and DPAVBIi) were chosen as host:guest for the doped emissive layer due their known stability compared to
phosphorescent and thermally activated delayed fluorescence (TADF) materials. The MOLED modelling was performed by
targeting 470 nm as the maximal excitation wavelength and suppressing the emission in the algae fluorescence bandwidth (600-
800 nm) in order to fulfil the sensor requirements. By using a bilayer hole transport layer/electron blocking layer (HTL/EBL)
instead of a single HTL, the total thickness was adjusted to meet the resonance wavelength condition without loss of efficiency,
while at the same time preserving a maximum electric field intensity in the emissive layer (antinode position). MOLED devices
were fabricated by organic semiconductor evaporation on three dielectric distributed Bragg reflectors (DBRs) with 3 different
numbers of Ti02/SiOz (high-index/low-index) pairs and aluminum-doped zinc oxide (AZO) transparent electrode . Devices with
1.5 pairs as DBR showed not only an improved external quantum efficiency (+33%) compared to a standard OLED but also an
increase of about 3 times the intensity of the peak at 470 nm combined to a lower emission in the 600-800 nm bandwidth, as aimed.
This increase in the peak intensity should lead to a longer device lifetime, as the current density necessary to excite algae at 470
nm is significantly lower owing to the microcavity effect.
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1. Introduction

Since C.W. Tang and S. A. VanSlyke publication in 1987[1], organic light emitting diodes (OLEDs) have been
attracted scientific and commercial attention because of the versatility of their optical and mechanical properties such
as color intensity, high contrast, wide viewing angles, flexibility, lightness...[2,3]. Nowadays, OLED are already
widely commercialized in devices such as smartphones, TVs, smartwatches, etc. In addition, the advantages of OLED
technology, allowing light source integration on many types of substrates, open up new and promising applications
such as chemical and biological sensors [4]. However, even if organic LEDs are already commercialized, their stability
and lifetimes are not yet comparable to their inorganic counterparts, preventing their use in sensors where device
stability is mandatory [5]. This lack of stability is partly due to Indium diffusion in organic layers. In this context,
aluminum zinc oxide electrode (AZO) constitutes a low-cost, nontoxic and relative abundant alternative anode to ITO
(indium tin oxide) since Zn diffusion is much lower[6]. There was also increased research efforts on this issue, focusing
on the synthesis of new molecules and on optimizing the extraction of emitted light [2]. With the development of
different generation of emitting materials (such as fluorescent, phosphorescent, thermally activated delayed fluorescent
— TADF and hyperfluorescent) OLEDs have now reached a higher efficiency, but the stability problem remains [7].
Indeed, while fluorescent OLEDs can achieve lifetimes of the order of tens of thousands of hours, newest and more
efficient systems as the hyperfluorescent are limited, in general, to just a few hours[8]. Blue fluorescent OLEDs (first
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generation of emitting materials) are still used in industry although they exhibit lower efficiency compared to the last
materials generation [9].

As an additional improvement, several options to increase the outcoupling of light, the overall OLED efficiency and
even tune the electroluminescence (EL) spectra of the device have been reported[10]. One of the most promising
option is the microcavity-OLED (MOLED) based on the integration in the OLED stack of a distributed Bragg reflector
(DBR) made of alternate layers of high and low refractive index[11]. In a classic OLED, with organic semiconductors
(OSCs) sandwiched between a transparent anode and a metallic cathode, only about 20% of the emitted light (internal
quantum efficiency, IQE) is extracted. Around 50 % of this light is lost through the anode and the organic layers while
another 30 % is lost in the substrate (wave guided mode)[12]. So, it is possible to infer that theoretically, only around
5 % of the injected electrons will be extracted as photons (external quantum efficiency, EQE) for a fluorescent OLED
(IQEmax ~ 25 %)[13]. Due to microcavity effect, the EL emission of MOLEDs can be easily filtered at a design
wavelength and light intensity can be significantly improved for this wavelength [14].
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Fig. 1. (a) Schematic representation of the optical bio-sensor with MOLED structure, (b) algae absorbance and fluorescence spectra and (c)
energy diagram for the OLED stack.

In this work we report on the design of a blue light source to be integrated in an optical biosensor dedicated to in
situ monitoring of surface water quality. The system architecture consists of a fluidic structure with tanks and optical
sensor (OLED and organic photodiode) located on its periphery (Fig. 1 (a)). The optical transducer will allow the
detection of direct fluorescence emitted by green micro-algae at a wavelength of 680 nm (Fig. 1 (b)). The emission
spectrum of classic OLEDs being wide, there could be significant spectral overlap between the signal to be detected
and the emission tail of the OLED since the latter signal is of comparable intensity to that of algae fluorescence. So,
the constraints related to algae fluorescence detection require the development of new device architecture for high

efficiency (with a maximum emission matching algae absorption at 470 nm), reduced spectral width, and stable
integrated deep blue OLED [15].



To that extent, a MOLED based on MADN:DPAVBI emitting layer (EML) and (Ti0O»/Si0)-based DBR was
designed. Here, the microcavity effect was exploited as a tool to fit the FWHM (full width at half maximum) of the
OLED emission peak to the absorbance bandwidth of the algae (30nm). It was simultaneously used to reduce the
OLED emission range in the algae fluorescence bandwidth (650-700 nm). Considering these specific spectral limits,
we optimized both optically and electrically the spacers in the organic stack. Moreover, the MOLED was fabricated
on an AZO anode deposited on the DBR to avoid the indium diffusion problem, which has not been done before. First,
we investigated by modeling the variation of the two key parameters for the design of the MOLEDs: the optical cavity
length (resonance condition) and the EML position relative to the electric field intensity (antinode position)[15]. A
convergent solution for the optimal OLED and MOLED stacks, from the electronic and optical points of view, was
found. Then, according to those results, OLED and MOLED devices were fabricated, characterized and compared.

2. Materials and methods

MOLEDs modelling was conducted by using a commercial software based on the matrix formalism[16]. Using this
tool, it is possible to calculate the reflectivity and the transmission spectra of a multilayer stack if the refractive indices
and thickness of each layer are known. To determine the real and imaginary refractive indices (n and k), ellipsometry
measurements were conducted separately on each of the layers involved in the device and spectral models were derived
from these data. To validate these models, full devices were then prepared on glass substrates coated with a 228 nm-
thick AZO (Al-doped zinc oxide) or DBR/AZO anode on glass for OLED and MOLED respectively. The dielectric
Bragg mirror was formed by a stack of 80 nm-thick low index (n~1.5) SiO; and 49 nm-thick high index (n~2.3) TiO;
alternate layers. These thicknesses are chosen to be quarter-wave optical layers at the aimed resonance wavelength
(470nm). Enclosing the organic region between this DBR/AZO part and a metallic electrode playing the role of the
top mirror leads to the formation of a vertical micro-cavity. In such a device, the emitted light is confined and
transmitted out of the cavity only for the resonance wavelengths (see modeling section). SiO; and TiO, materials were
chosen for their high relative index contrast and their low absorption in the visible range and were deposited on the
glass substrate by sputtering. AZO was deposited on the DBRs by atomic layer deposition technique (ALD). The
deposition conditions were optimized to obtain a sheet resistance of 54 Q/sq and a transmission of 79% [17] The
reflectivity spectra of the DBR/AZO/glass stacks and their uniformity along the wafers were measured before MOLED
fabrication and found in good agreement with modelling (not shown here).

AZO was patterned by chemical etching using standard photolithography. The substrates were cleaned with acetone
and isopropanol 10 min each in an ultrasonic bath. Subsequently, UV-ozone treatment was performed for 10 min in
order to remove any carbon contamination[18]. The OSC layers were sequentially evaporated at 5.107 torr with a rate
of 0.03-0.05 nm/s in a Plassys MEB550B vacuum chamber installed in a glove box. The OLED/MOLED stack
reported in Fig. 1 (a) is: 1,4,5,8,9,11-Hexaazatriphenylenehexacarbonitrile (HAT-CN) as hole injection layer (HIL),
N,N’-Di(1-naphthyl)-N,N’-diphenyl-(1,1’-biphenyl)-4,4’-diamine (NPB) as hole transport layer (HTL), 9-Phenyl-
3,6-bis(9-phenyl-9Hcarbazol-3-yl)-9H-carbazole (Tris-PCz) as electron blocking layer (EBL), 1,3-Bis(3,5-dipyrid-3-
ylphenyl)benzene (BmPyPhB) as electron transport layer (ETL), 8-Hydroxyquinolinolato-lithium (Liq) as electron
injection layer (EIL). For the EML 2-methyl-9,10-bis(naphthalen-2-yl)anthracene (MADN) was used as the host
material doped with 4,4’-Bis[4-(di-p-tolylamino)styryl]biphenyl (DPAVBI). This layer was obtained by the co-
evaporation of MADN and DPAVBI with a 4% doping level, controlled by the deposition rate of the two molecules
(0.1 and 0.004 nm/s respectively). The 4% amount of DPAVBI has been set after a study of OLED efficiency vs
doping ratio (not shown here). Aluminum was used as cathode and deposited at a rate of 1 nm/s. Finally, the devices
were encapsulated with a cover glass sealed with epoxy adhesive inside the glove box.

After fabrication, J-L-V characterization and electroluminescence spectra were performed outside the glovebox by
using a Keithley 2450 SourceMeter, an Irradian L203 photometer with a calibrated silicon photodetector and an Ocean
Optics spectrometer respectively. External quantum efficiency calculations were made as reported by Shukla ez. 4/[19]
by the J-L-V and EL spectra. The angular dependence of the EL intensity and corresponding spectra were also
measured with a home-made set-up including a motorized goniometer.

3. Results and discussions

The Fig. 2 (a) displays the calculated reflectivity spectra of three different MOLEDs having 3 different numbers of
pairs in the 470nm-centered DBR [17]. For each of them, the thickness of the organic stack was finely tuned to get an
optical cavity length fully resonant at 470 nm. As a result, a sharp dip at 470 nm is obtained for each of them in the
middle of the high reflectivity band comprised between 400 nm and 600 nm, which means light transmission will be



higher at 470 nm, as aimed. The FWHM (full width at half maximum) of the transmission peak will be also reduced
compared to a standard OLED due to the microcavity effect. As seen, the FWHM is slightly varying with the number
of pairs in the DBR and is equal to 26 nm for the 1.5 pairs-case. This spectral filtering is well suited to our pollution
detection system application. One can also note that the reflectivity value at the resonance is not the same for the 3
cases, as it is mostly dependent of the balance between the bottom DBR reflectivity and the top aluminum electrode
one. For the 1.5 pair case, this balance is almost perfect and the reflectivity at the resonance is close to zero.
Consequently, light transmission through the transparent electrode will be optimal for this case and the MOLED
efficiency is expected to be higher. A second reflectivity dip can be seen at 550nm~660nm, i.e. in a lower emission
range of the OLED. It corresponds to the upper edge of the reflectivity stop band of the DBR and does not involve any
amplification effect. The OLED stack was also optimized by carefully positioning the EML in such a way that it
coincides to a maximum of the standing wave electric field in the multilayer stack (see Fig. 2 (b)) at an antinode
position for which constructive interferences occur and light amplification is maximized. As observed, the magnitude
and the distribution of the electrical field also depend on the number of pairs in the DBR. The most favorable case is
again when a DBR with 1.5 pairs is used (MOLED 1.5: 44V/m) compared to the other cases (2.5 and 3.5, respectively
37V/m and 27V/m).
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Fig. 2. (a) Reflectivity and (b) electric field obtained by model for the 3 types of MOLED by using a DBR with 1.5, 2.5 and 3.5 pairs.

The designed OLED stack, shown in Fig. 1 (a), was finely optimized to reach a solution meeting simultaneously the
best OLED performances and MOLED optical design. In our case, according to the model results (Fig. 2 (b)), the latter
condition is achieved for an EML layer located at 298 nm from the DBR mirror. In the literature, the most common
selected method, was to adjust the cavity length by simply varying the thickness of the HTL, HIL or both. However,
these devices architectures involve unusually thick layers of organic semiconductors that leads to a loss of performance
and stability of the OLEDs[20]. Adachi et. Al[21] recently demonstrated that by modifying the HAT-CN layer from
10 nm to even 200 nm, it is possible to increase the overall OLED thickness while keeping the current density at the
same value. Nevertheless, the EQE was significantly reduced from ~13 to ~9% corresponding to HAT-CN thicknesses
of 10 and 200 nm respectively. Among these papers, one can note the use of a multi-layered HAT-CN(20 nm)/NPB(60
nm)/HAT-CN(15 nm)/NPB(60 nm) HTL[22] with a large thickness of 155 nm that fulfils the cavity length and at the
same time enables an efficient hole transport by using two materials with excellent charge carrier mobility. In contrast,
for a classic OLED the optimal thickness for HAT-CN and NPB is rather around 5-10 nm and 50 nm
respectively[23,24]. In this work, Tris-PCz was introduced as EBL (Fig. 1 (¢)) instead of HTL (as is commonly used),
to maintain not only an adequate charge balance in OLED (by choosing the NPB thickness value to the one usually
used in classic OLED) but also to increase the number of layers for which the thickness can be slightly tuned (+/- 5-
10 nm), to exactly achieve the cavity length for MOLED optical optimization. In order to verify the electrical



performances of this optically optimized stack, ITO-based OLED were fabricated and characterized. The obtained
devices exhibited 4.7 % maximum external quantum efficiency (EQE) close to the 5% theoretical limit of fluorescent
OLED:s (see table 1).

The experimental EL spectra for the 4 designed AZO-based devices are depicted in Fig. 3 (a). As can be seen at the
same applied current density (10 mA/cm?), the peak for the MOLED 1.5 is around 3 times higher than the peak for
the classic OLED. This significant improvement is in good agreement with the modelling results. The spectral filtering
around 470 nm is also clear compared to the conventional OLED. The peak intensity for higher number of pairs (2.5
and 3.5) is also enhanced at 470 nm but to a lower extent. MOLED 2.5 presents a similar spectral behaviour, but a
smaller intensity and a slightly red-shifted emission peak. Finally, a second peak is observed in the range [560-610
nm] for all MOLEDs. As above-mentioned, it corresponds to the upper limit of the DBR spectral band (see Fig. 2 (a)).
The resulting parasitic emission in this range is not suited for our optical biosensor application. As expected, its
amplitude increases with the number of pairs. Consequently, these measurements confirm that MOLED 1.5 case leads
to the best results. As can be seen, the EL spectra of the MOLED 1.5 matches perfectly with the expected shape: a
strong enhancement of the emission in the low reflectivity wavelengths around 470 nm and reduced emission in the
500-600 nm bandwidth. It is worth mentioning that the FWHM was reduced from around 74 nm for the classic OLED
to 26 nm for the MOLED 1.5. In Fig. 3 (b), pictures of the OLED and MOLED 1.5 are shown, in which the change of
the EL spectra can be appreciated simply by observing the color difference with a better color purity for the MOLED.
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Fig. 3. (a) EL spectra for the classic OLED and the three different MOLEDs (1.5, 2.5 and 3.5) at 10 mA/cm?. All spectra are normalized with the

peak of the classic OLED. (b) Pictures of the OLED and the MOLED 1.5.

Fig. 4 (a) and (b) display the angular dependence of the EL spectra for the standard OLED and MOLED 1.5
respectively. For the OLED the emission peak is slightly shifted and significantly reduced, while the emission intensity
after 500 nm reduces but its contribution to the spectrum increases. On the other hand, the MOLED has a significant
shift and reduction around its emission peak, while the emission in the 500-600 nm bandwidth remains similar (except
at 90° where it is minimal). Fig. 4 (c) and (d) shows the experimental angular dependence of the normalized luminance
and EL intensity for OLED and MOLED 1.5 respectively. It can be seen that, the OLED luminance is maximum at
40° and not at 0° as expected for an ideal Lambertian-like pattern emission. This is due to fact that the EL spectra for
this blue OLED have a more significant contribution of green wavelengths (520 nm see Fig. 4 (a)) at oblique incidence.
The angular distribution of the MOLED 1.5, which emits less in the green region (around 550 nm), has its maximum
emission in the 0-20° range and a reduced emission for higher angles due to the microcavity effect. On the other hand,
if we measure specifically the angular dependence of the EL intensity for the OLED and MOLED at 470 nm which is
the wavelength target for the light excitation source (not taken into account any other wavelength), the effect of the
microcavity is clear (Erreur ! Source du renvoi introuvable. (d)). This change in the light distribution for the
MOLED is highly desirable from the sensor point of view because most of the light will be directed vertically (0°) to
the algae.



On the other hand, as the emission is improved about 3 times in the MOLED 1.5 compared with the standard OLED,
the current density needed to reach the same peak intensity will be lower. This reduction in the current applied is

anticipated to extend the lifetime of the devices by reducing the excited states generated by recombining charges[25].
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In the Fig. 5 (b), EQE values as a function of the applied current density for the classic OLED and MOLED 1.5
are shown. MOLED 1.5 had a maximum improvement of 33 % compared to the classic OLED. Consequently, despite
a reduced FWHM, the MOLED EQE is higher than the OLED one owing to the microcavity effect. Furthermore, the
reduction of the necessary current density required to obtain a given luminescence level is expected to extend the
lifetime of the devices for the sensor.
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(a)). On the other hand, the EQEnmay is improved in the MOLED 1.5, from 3.4 to 3.7 %, compared to the value obtained
for the OLED even when the luminance of the MOLED 1.5 is lower (5291 cd/m? vs 8294 cd/m?). This is due to the
fact the luminance is a measure of light that has a responsivity corresponding to the human eye and is formally known
as the CIE photopic luminous efficiency function (V(X)). Therefore V(L) has its maximum response around the green
wavelengths (555 nm), which are not favoured in the MOLED 1.5 case.

Table 1. Performance of the OLED and MOLED devices.

Device Ven (V) Lunax (cd/m?) EQEqu (%) EQEww  EQEiwn  Ape (tm) FWHM
(nm)
ITO-OLED 3.1 20166 4.7 45 4 469 ~74
AZO-OLED 33 8294 34 3.1 24 469 ~74
AZO-MOLED 1.5 3.4 5291 37 37 32 469 26

Von = turn-on voltage at 0.1 ¢cd/m?, Ly, = maximum luminance, EQE .= maximum external quantum efficiency, EQE,o= external quantum
efficiency at 100 cd/m?, EQE = external quantum efficiency at 1000 cd/m?, Apeak= peak of emission

4. Conclusion

In this work, by designing a blue AZO-based MOLED for an optical biosensor, it has been obtained a light
excitation source with improved emission in the blue range (470 nm) combined to a low emission in the green region
in agreement with the requirements of the aimed algae fluorescence sensor. Exploiting a MOLED, the EQE was
improved up to 33 % compared with the reference OLED, while at the same time the FWHM was reduced from about
74 nm to only 26 nm and the angular distribution decreased from 40° to 20°. Further work towards the integration of
such light sources into biosensors will focus on the improvement of emission filtering around 600 nm by adding an
internal filter in the structure and the study of the device stability and lifetime. In addition, the strategy here followed
to find a simultaneous solution for the best OLED stack and the best MOLED design, could be applied in the future
for newest and more efficient generation devices (phosphorescent, TADF, hyperfluorescent) once that their stability
is comparable with the first generation (fluorescence).
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