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ABSTRACT
Top-emitting OLEDs (TOLEDs) represent a promising technology for the development of next-
generation flexible and rollable displays, thanks to their improved light outcoupling and their
compatibility with opaque substrates. Metal thin films are the most used electrodes for the manu-
facturing of TOLEDs, but they showpoor resistance tomechanical deformation, which compromises
the long-term durability of flexible devices. This paper reports the exploitation of a dielectric mirror
(DBR) based on seven pairs of TiO2 and SiO2 combined with a polymeric electrode as an alternative
to the bottommetal electrode in flexible TOLEDs. The DBR showed a maximum reflectivity of 99.9%
at about 550 nm, and a stop-band width of about 200 nm. The reflectivity remained unchanged
after bending and treatment with water and solvents. Green TOLED devices were fabricated on
top of DBRs, and demonstrated good stability in terms of electro-optical and colorimetric charac-
teristics, according to varying viewing angles. These results demonstrate that the combination of
the flexible DBR with the polymeric anode is an interesting strategy for improving the durability of
flexible TOLEDs for display applications, implemented on different kinds of free-standing ultra-thin
substrates.
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1. Introduction

In 1987, Tang and his co-workers demonstrated the first
organic light emitting diode (OLED) that used an organic
material as an emitter in a thin film electroluminescent
device [1]. Since then, this kind of optoelectronic device
has been extensively developed in both the academic
and industrial fields for display and lighting applica-
tions. Indeed, OLEDs are dominating the display mar-
ket, thanks to their multiple advantages: improved image
quality (better contrast, higher brightness, wide viewing
angle, wide color range, and fast refresh rate); low power
consumption; and simple design that enables, in princi-
ple, the fabrication of thin, flexible, and even bendable
displays [2,3]. Moreover, high-performance displays can
be obtained by combining a pixelated matrix of OLEDs
with a thin transistor layer that controls the switching of
the individual pixels (active-matrix OLED or AMOLED)
[4]. Usually, the opaque thin film transistor (TFT) array
is manufactured on the substrate before the deposition of
thematerials of theOLED. For this reason, a top-emitting
OLED (TOLED) is preferable for AMOLED structures
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[5,6]. Furthermore, in the top-emission architecture, the
light is not trapped in the substrate with advantages in the
light outcoupling [7–10]. The top-emitting structure also
represents a solution for the integration of OLED devices
in textiles, with interesting prospects for the development
of wearable displays [11]. For all the mentioned reasons,
TOLEDs are an ideal candidate for easy integration and
engineering for the evolution of next-generation flexible
displays.

The top-emitting configuration consists of a series of
organic materials sandwiched between a thick, highly
reflective bottom electrode and a semi-transparent top
electrode that allows light emission [12]. Thinmetal films
are usually employed as electrodes for TOLEDs, thanks
to their high conductivity and reflectivity that can be
easily tuned by reducing their thickness, which is accom-
panied by an improvement in transparency. The trans-
mittance of the semi-transparent top electrode can be
further improved with the addition of a dielectric cap-
ping layer on top of it [13,14]. Unfortunately, thin metal
films show poor resistance to mechanical deformation
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[15]. This lessens the durability of flexible OLEDs, due
to which other kinds of electrode materials have to be
preferred for flexible device manufacturing [16]. Thanks
to its transparency in the visible range, tunable electri-
cal conductivity, suitable work function, and high flex-
ibility and stretchability, PEDOT:PSS is now the most
used electrode material for flexible devices, besides being
economically advantageous [17].

This paper demonstrates the possibility of realizing
a TOLED based on a PEDOT:PSS bottom electrode
deposited on top of a dielectric Bragg reflector (DBR)-
modified flexible polyimide substrate. A DBR is a peri-
odic structure obtained by alternating dielectric layers
that can be used to obtain a high degree of reflection in
a certain range of wavelengths, by exploiting the differ-
ences in the refractive indices of the dielectric layers and
their thickness [18]. By combining the reflectivity prop-
erties of the DBR with the conductivity and flexibility of
the polymeric electrode, flexible TOLEDs can be fabri-
cated with the replacement of the bottom thin metal film
electrode.

DBRs have been extensively used in combination
with rigid OLED structures to study their microcavity
effects on device performance [19–25]. Recently, a flex-
ible TOLED was been fabricated on a metal foil substrate
by using a DBR as an optical reflector and electrical
insulating layer [26].

In this study, theDBRwas deposited at room tempera-
ture throughmagnetron sputtering of seven pairs of TiO2
and SiO2 with appropriate thicknesses, in order to maxi-
mize the reflection in the emission wavelength region of
the selected emittingmaterial. TheDBR showed excellent
flexibility and resistance to water and organic solvents, as
well as good surface properties. The PEDOT:PSS anode
deposited on top of the flexible DBR showed good sta-
bility in terms of electrical resistance preservation after
1,000 bending cycles at a bending radius of 2.5mm,
which demonstrated its suitability as an electrode mate-
rial for flexible devices, compared to traditional metal
electrodes. To demonstrate the potential of the DBR as an
outcoupler for flexible TOLEDs, green emitting devices
were fabricated on top of it. To test the effect of a micro-
cavity on the device characteristics, some preliminary
investigations were carried out. The results showed that
the luminance and efficiency values were strongly influ-
enced by the total cavity thickness. Furthermore, the
electroluminescence spectra of the devices at different
viewing angles were evaluated. The best device for flex-
ible display applications was identified, based on its good
electro-optical performance, nearly Lambertian profile,
and not significant color shift with the viewing angle.
The reported results demonstrate the potential of a DBR
structure as a strategic element of the development of
flexible top-emitting devices.

2. Experimental section

2.1. Materials

The 50μm-thick flexible polyimide substrates were sup-
plied by RS Components. The SiO2 and TiO2 sputtering
targets were purchased from Kurt J. Lesker Company.
Cesium was supplied by Saes Getters. Clevios PH1000
(PEDOT:PSS ratio = 1:2.5) was purchased from Her-
aeusCleviosGmbH, and was used as an anode. All the
other materials used in the OLED device, i.e. N,N,N′,N′-
Tetrakis(4-methoxyphenyl)benzidine (MeOTPD), 2,3,5,6
-Tetrafluoro-7,7,8,8-tetracyanoquinodimethane (F4TC
NQ), 2,2′,2"-(1,3,5-Benzinetriyl)-tris(1-phenyl-1-H-ben
zimidazole) (TPBi), Tris[2-phenylpyridinato-C2,N]iridi
um(III) (Ir(ppy)3), Bathophenanthroline (BPhen), silver
(Ag), and tungsten (VI) oxide (WO3) were purchased by
Sigma Aldrich.

2.2. DBR andOLED fabrication

The flexible substrates were cleaned with acetone, iso-
propyl alcohol, and deionized water and dried with
Nitrogen gas. To further eliminate impurities on top
of the flexible substrates and to improve the adhe-
sion, 2’ oxygen plasma treatments (50 W, 30 sscm)
were performed on top of the substrates before start-
ing the DBR growth. To fabricate the DBR, seven
pairs of TiO2/SiO2 (54 nm/91 nm) were deposited on
the flexible substrates via sputtering deposition at
250 W (room temperature, 30 sccm of argon). The
OLED structure on top of the DBR had the fol-
lowing components: PEDOT:PSS/p doped MeOTPD
(F4TCNQ)/MeOTPD/TPBi:Ir(ppy)3/BPhen/n doped
BPhen (Cs)/Ag/WO3. The anode layer consisted of a thin
film of PEDOT:PSS (100 nm) that was obtained via spin
coating deposition (1,000 rpm x 60’’) of a commercial
solution, which was modified with the addition of 5%
by volume of dimethyl sulfoxide (DMSO) to improve the
conductivity, and with a successive annealing process at
120°C for 1 h. The other organic layers, Ag and WO3,
were deposited via thermal evaporation in aKurt J. Lesker
multiple high-vacuum chamber system.

2.3. Characterization

The optical constants and thickness of the used mate-
rials were measured using a J.A. Wollam M-2000XI
ellipsometer.

The reflectance spectra of the DBR were mea-
sured using a Perkin Elmer UV/Vis/NIR spectrometer
(Lambda 1050) equipped with a 150mm InGaAs Inte-
gration Sphere. To test the flexibility and stability of the
DBR, the reflectance spectra were measured after the
following stress conditions: 100 bending cycles with a
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curvature radius of 2.5mm and water/solvent dropping.
Water, isopropyl alcohol, chloroform, and toluene were
used to test the solvent stability of the DBR structure.
In particular, 1ml of liquid was dropped on top of the
DBR surface; and after about 1min, the sample was dried
with a nitrogen flow, and the reflectance spectrum was
measured.

The DBR cross-section was caught via scanning elec-
tron microscopy (Zeiss FE-SEM Merlin). The surface
characteristics of the DBR were evaluated via scanning
electron microscopy (Zeiss FE-SEM Merlin) and atomic
force microscopy (no-contact mode, AFM PARK SYS-
TEMS XE-100).

Electrical resistance measurements were carried out
on 7 cm x 0.5 cm anode strips (Polyimide /DBR/100 nm
PEDOT:PSS and polyimide /100 nm thermal evaporated
Ag) using a 2420 Keithley source meter.

The optoelectronic characteristics of the OLED
devices were measured in a glove box using an Optron-
ics OL770 spectrometer coupled to the OL610 telescope
unit with an optical fiber for the luminance measure-
ments. The whole system was calibrated by the National
Institute of Standards and Technology (NIST) using a
standard lamp, and was directly connected by an RS232
cable to a Keithley 2420 current–voltage source meter.
The electroluminescence spectra at different angles were
measured by coupling the sample holder with a goniome-
ter, and then rotating the sample to acquire its emis-
sion from 0 to 60 degrees, first clockwise and then
counter-clockwise.

3. Result and discussion

A DBR is a multilayer structure of two alternating
dielectric materials with different refractive indices. The
reflectivity of a DBR is very high in a specific range of
wavelengths (stop-band), and reaches its maximum at
the wavelength equal to four times the optical thickness

of each layer. In these conditions, the reflections at the
interface of the different layers combine with construc-
tive interference, and the structure acts as a high-quality
reflector. The reflectivity of the mirror is determined in
particular by the contrast of the refractive index between
the materials and by the number of alternating pairs.
Considering these aspects, to fabricate a highly reflec-
tive DBR, TiO2 and SiO2 were chosen as high refrac-
tive index and low refractive index materials, respec-
tively. The TiO2 and SiO2 layers were deposited via room
temperature magnetron sputtering deposition, and their
optical constants were measured as a function of their
wavelength via spectroscopic ellipsometry (Figure 1a).
The thickness values of TiO2 and SiO2 in the DBR
were calculated using the following formula: d λ/4n,
wherein d is the layer thickness, λ is the optimized DBR
reflectance wavelength, and n is the refractive index at
the specific selected wavelength. The DBR on top of
the flexible substrate consisted of seven pairs of TiO2
and SiO2, and their thickness values were designed to
maximize the reflection in the emission region of the
material chosen as the emitter [Ir(ppy)3, peak emission
@525 nm].

In Figure 1b, the reflectance spectrum of the DBR is
reported. It shows a maximum reflectance of 99.9% at
about 540 nm, and a stop-band width of about 200 nm,
which demonstrate the suitability of such DBR to act
as a bottom reflector for TOLED architectures. The
reflectance spectrum remained unchanged even after 100
bending cycles (2.5mm curvature radius) and after treat-
ment with water and various organic solvents, which
demonstrated the extremeflexibility of theDBR structure
and its compatibility with solvent-based deposition tech-
niques (Figure 1b). In particular, this last aspect opens
perspectives towards the development of top-emitting
devices by using high-throughput printing deposition
techniques with a significant reduction in production
costs.

Figure 1. Optical characteristics of the sputtered layers and the DBRmultilayer: a) refractive index of the TiO2 and SiO2 thin films; and b)
reflectance spectra of the pristine seven pairs of TiO2/SiO2 DBR and the after-stress conditions (100 bending cycles at a 2.5mm curvature
radius and water/organic solvents dropping).
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Figure 2. Morphological characterization of the seven pairs of
TiO2/SiO2 DBR structure: a) SEMcross-section; b) SEM imageof the
DBR surface; and c) AFM picture of the DBR surface.

The cross-section of the DBR (Figure 2a) evaluated
via scanning electron microscopy (SEM) further demon-
strates the good reproducibility of the deposition pro-
cesses, which points out the excellent optical properties of
the final mirror, as already evaluated from the reflection
spectrum. The SEM image of theDBR surface (Figure 2b)
denotes a granular morphology with a grain size in the
order of tens of nanometers. The AFM characterization
confirms the granular structure, and a roughness of 9 nm
was observed for the DBR surface, which is suitable for
the growth of the OLED structure (Figure 2c).

OLEDs were fabricated on top of the flexible DBRs to
demonstrate their potential as a reflective structure for
TOLEDs (Figure 3).

PEDOT:PSS was selected as the anode layer for the
TOLED device, due to its good conductivity and out-
standing flexibility on account of its polymeric nature.
Furthermore, the anode based on PEDOT:PSS was
obtained starting from a solution-based deposition. For
this reason, it is an ideal candidate as an electrode for
the realization of printed flexible devices. To demon-
strate the suitability of the polymeric anode for the fab-
rication of flexible devices, its electrical resistance varia-
tion was evaluated in bending conditions, and a 100 nm
thin silver film was used as reference. The PEDOT:PSS
thin film deposited on top of the flexible DBR showed
an increment of its electrical resistance of about 15%

Figure 3. Device on theDBR structure: a) device architecture; and
b) pictures of Dev3 powered at 4 V.

Figure 4. Percentage resistance variation as a function
of the number of bending cycles measured on the poly-
imide/DBR/PEDOT:PSS and polyimide /thermal evaporated silver
strips (width, 0.5 cm and length, 7 cm).

after 1,000 bending cycles, with a curvature radius of
2.5mm; whereas in the same stress conditions, the thin
silver film showed an improvement of more than 100%
(Figure 4). Such results confirm the superior flexibility
of PEDOT:PSS with respect to metallic electrodes, as
already reported in literature [15,27,28].

The structure of the TOLED devices consisted of the
following layers: HC (highlyconductive) PEDOT:PSS/p-
doped MeOTPD/MeOTPD/TPBi:Ir(ppy)3/BPhen/n-
doped BPhen/Ag/WO3. The top thin silver layer com-
bined with the WO3 capping layer acted as a semitrans-
parent top electrode; and to optimize the transmittance,
their thickness values were calculated through numeri-
cal simulation using ETFOS software (by Fluxim) [29].
Different thickness values of p-doped MeOTPD and n-
doped BPhen were deposited to evaluate the effect of the
cavity thickness on the device performance. In Table 1,
the structures of the fabricated OLEDs (Dev1, Dev2, and
Dev3) are reported.

The Current Density vs. Voltage, Luminance vs.
Voltage, and Efficiency vs. Voltage curves of all the
devices are reported in Figures 5a-b-c. The maximum
current density value of all the devices was around
70mA/cm2, whereas the luminance values ranged from
200 to 3,000 cd/m2, and the efficiency, between 0.3 and
4 cd/A. Such large differences in the luminance and
efficiency values are attributable to the different reso-
nance conditions within the cavity devices. Indeed, the
top-emitting devices were composed of the combined
DBR and PEDOT:PSS contact, organic layers, and a
semi-transparent top contact. The latter showed strong
reflection due to the large refractive index mismatches
with the organic layer. As a result, these OLEDs consisted
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Table 1. Structures of the fabricated OLED devices.

Device PEDOT:PSS (nm) p-doped HTL (nm) HTL (nm) EML (nm) ETL (nm) n-doped ETL (nm) Cathode Ag/WO3 (nm/nm) Total device length (nm)

Dev1 100 20 10 25 10 20 12/35 185
Dev2 100 40 10 25 10 40 12/35 225
Dev3 100 50 10 25 10 50 12/35 245

Figure 5. Electro-optical characterization of the fabricatedOLEDs: a) Current Density vs. Voltage curves; b) Luminance vs. Voltage curves;
c) Efficiency vs. Voltage curves; and d) Normalized electroluminescence (EL) spectra at 0°.

of a structure formed by two reflecting faces on two sides
of an optical medium (organic materials) that formed a
microcavity, which strongly influenced the device perfor-
mance [30–32].

In a cavity OLED device, the higher luminance val-
ues are usually observed when the cavity length is equal
to λ/2n and its multiples, wherein λ is the emission
wavelength of the emitting material, and n is the refrac-
tive index of the organic stack of the device. For higher
and lower thickness values, the luminance values are
lower because the optimal resonance conditions are not
respected [33–35].

Higher luminance and efficiency values were observed
forDev2 andDev3with cavity lengths of 225 and 245 nm,
respectively, close to λ/n resonance conditions [36]. Dev1
did not match the best resonance conditions, so there
was a drop in the luminance and efficiency values. In
Figure 5d, the electroluminescence spectra of all the
devices are reported. Dev1 and Dev2 have a narrow peak
at 500 and 509 nm, respectively, and a secondary peak
shifted in the red region with respect to the principal one.
Dev3 shows a larger emission peak, with themaximum at
520 nm.

Moreover, a microcavity usually has a significant
impact on the emissive properties of an OLED device
at different viewing angles. In a Fabry–Perot resonator,
the cavity mode wavelength decreases with an increas-
ing viewing angle according to: λ = 2π m L n cos(θ ),
wherein λ is the resonance wavelength, m is the mode
number, n is the refractive index, L is the cavity length,
and θ is the internal angle that is related to the view-
ing angle of the microcavity through Snell’s law [37,38].
The blue shift effect is more consistent with the improve-
ment of the cavity thickness and when DBR mirrors are
used [20,39,40]. As for the spatial distribution of the
emission intensity, the higher the reflectance of the mir-
rors is, the more concentrated the emission intensity will
be on the cavity axis, with a large deviation from the
classical Lambertian behavior observed for traditional
OLEDs (sub-Lambertian) [41,42]. Furthermore, when
moving from ideal resonance conditions, the maximum
emission is observed at angles greater than 0° – a behav-
ior called super-Lambertian [42]. Figure 6 shows the
electroluminescent spectra at different viewing angles;
and Figure 7, the CIE coordinates and the electrolumi-
nescent intensity at different viewing angles. In Dev1,
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Figure 6. Normalized electroluminescence spectra from 0° to 60° for a) Dev1, b) Dev2, and c) Dev3.

Figure 7. a) CIE coordinates diagram at different viewing angles (from 0° to 60°); and b) Emission profile in polar coordinates.

with the increase in the viewing angle, the secondary
peak observed at 0° shows an increase in intensity and a
shift in the blue region of the spectrum, whereas the peak
at 500 nm tends to disappear. The electroluminescence
spectra of Dev2 show a trend similar to that observed
in Dev1, with further peaks that appear at high viewing
angles. The electroluminescence spectrum of Dev3 at 0°
and 20° is larger than that of Dev2 and Dev3 at the same
angles, and it starts to narrow at 40°, with a consistent
secondary peak observed at about 540 nm at 60°.

The aforementioned behaviors, related to the well-
known photon-like angular dispersion of the cavity
mode, obviously induce a variation of the CIE coordi-
nates with the viewing angles. As reported in Figure 7a,
Dev1 and Dev2 show larger color variations, whereas
Dev3 shows a less consistent color shift. However, in all
the devices, the color shift is not very significant, and the
emission remains in the green region of the spectrum.

The angular emission profile was also evaluated. Dev1
and Dev3 have a super-Lambertian profile, with a max-
imum emission intensity at 60° and 10°, respectively.
Dev2 shows a sub-Lambertian profile, with a maximum
emission at 0°.

All these data demonstrate that the right compromise
between optical efficiency, color purity, and an angular
color shiftmust be found, and the bestmicrocavity device
suitable for display applications must be identified.

Dev3 shows the highest efficiency value, a nearly Lam-
bertian emission profile, and a limited color shift with the
viewing angle. For these reasons,Dev3 represents the best

solution for flexible display applications, based on a flex-
ible DBR combined with a PEDOT:PSS anode. Further
investigations must be carried out to improve the device
performance by properly evaluating the thickness of each
layer.

4. Conclusions

Flexible TOLEDs based on a PEDOT:PSS anode layer
combined with a highly reflective DBR were fabricated
on 50μm-thin polyimide substrates. Indeed, the poly-
meric anode is the best solution for the manufacturing
of flexible devices as a substitute for the commonly used
thin metal films that show poor resistance to mechanical
deformation. If opportunely designed,DBRs showhigher
reflectivity with respect to thin metal films, and the stop-
band can be easily tuned according to the selected emit-
ting materials. For such reasons, DBRs are an extremely
versatile solution for TOLEDs. In this study, the DBR
structure was designed and optimized to maximize the
reflection properties in the green wavelength region. The
reflectivity of the DBR did not change after bending
and thewater/solvent treatments, demonstrating the high
flexibility of DBR and its compatibility with solution-
based deposition processes. The TOLEDs that were
obtained by combining the reflective properties of the
DBR with the conductivity of the PEDOT:PSS showed
an electro-optical performance that can be opportunely
tuned by considering the microcavity effects. In particu-
lar, the best OLED showed an not significant color shift



J. INF. DISP. 45

with different viewing angles and a nearly-Lambertian
emission profile. For these reasons, the best OLED is a
good candidate for flexible and rollable display applica-
tions. As a future prospect, since DBRs are composed
of oxide materials that are typically used for thin film
encapsulation of flexible organic devices, the deposition
processes can be optimized to obtain barrier layers and
combine the encapsulating and outcoupling properties in
a single multilayer structure.

In conclusion, DBRs are interesting functional ele-
ments that can be appropriately combined with flexible
optoelectronic devices based on polymeric electrodes to
improve their performance, versatility, and durability.
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