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Improving the air stability of flexible top-
emitting organic light-emitting diodes
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Flexible organic light-emitting diodes (OLEDs) are promising light sources for biomedical applications.
However, the use of these flexible devices has been restricted by their short shelf lifetimes due to poor
ambient stability. Here, the fabrication of a long-lived flexible OLED is reported by replacing air-
sensitive metals such as aluminum, and alkali metals used as n dopants, with silver. In addition, to
achieve stable and efficient flexible OLEDs we tuned the optical cavity length to the second-order
interference maximum. The device design has simple encapsulation and leads to an improvement in
the air stability of flexible OLEDs which show a shelf lifetime of greater than 130 days whereas the
conventional structure exhibits degradation after only 12 days. The proposed design for making
flexible OLEDs demonstrates a great potential for using the devices for wearable bioelectronic

applications.

There is growing interest in the use of organic optoelectronics for wearable
and biomedical devices'". Organic light-emitting diodes (OLEDs) are
attractive light sources for medical applications as they are lightweight,
emit light over an area and can be fabricated on flexible substrates.
Using flexible OLEDs as wearable light sources has brought many new
advances in biomedical applications such as photodynamic therapy™’ and
photobiomodulation'' by introducing non-invasive, precise, and adjus-
table treatments. A wearable OLED medical device can be easily and
conformably integrated with the human body making it a promising light
source for outpatient care. Besides the use of OLEDs for therapeutic
treatment wearable OLEDs can also be applied as light sources for health
monitoring'’, muscle contraction sensing’, and optogenetics'.

One important issue that limits the practical application of flexible
OLED: is their short shelf lifetimes due to their sensitivity to oxygen and
moisture'*". This problem of poor ambient stability can cause the forma-
tion of dark spots leading to a reduction in light emitting area and non-
uniform emission.

In recent years several encapsulation methods including thin film and
lamination have been developed to protect flexible OLEDs from environ-
mental degradation™". Thin film encapsulation (TFE) techniques based on
multi layered structures of alternating inorganic/organic layers and
inorganic-based nanolaminate systems can be formed by vacuum processes
such as atomic layer deposition (ALD) and chemical vapor deposition.
However, these TFEs are complex and are not always effective”’. Further-
more, ALD encapsulation generally requires a minimum process tem-
perature of 80 °C. The increased temperature during the ALD process can
cause device degradation™.

To make long-lived flexible OLEDs without stringent encapsulation
requirements, the structure of inverted OLEDs with a bottom cathode has

been proposed'“*'™*. The advantage of using an inverted structure is that
reactive materials such as alkali metals, which significantly reduce the
ambient stability of OLEDs can be replaced with metal oxides'. In most
reported work based on inverted OLEDs, metal oxides such as ZnO were
employed to inject electrons from the electrode to the organic layers'.
However, electron injection by metal oxides alone is not sufficient leading to
an increase in driving voltage'****. A high driving voltage causes heat
generation which can be a particular problem in medical applications where
the device may be in contact with the skin’. To reduce driving voltage
combining a metal oxide layer and an interlayer has been proposed'.
However, the driving voltage was only reduced to about 5V at a luminance
of 1000 cd/m* '*** which can still limit the practical application of flexible
OLEDs where low power consumption devices are required. Furthermore,
this reduction in voltage was achieved by employing a solution-processed
interlayer which requires solution coating and annealing processes between
the vacuum processes in OLED fabrication and therefore increases process
cost. In addition, as metal oxides such as ZnO have high evaporation
temperature, a different deposition process, namely sputtering, is used on
top of the transparent electrode. ZnO has generally been used on indium-
tin-oxide (ITO) which has a sheet resistance too high to achieve good
uniformity of light emission in applications requiring large area OLED**”".

Here, we report the fabrication of long-lived, efficient and operationally
stable flexible OLEDs with a low operating voltage of 3.1 V at 1000 cd/m’ by
using thermal evaporation only and simplified encapsulation. This was
achieved by replacing air-sensitive materials in the device stack. In parti-
cular, we replaced the aluminum electrode and n dopants based on alkali
metals with silver. Flexible OLEDs based on the new structure have a shelf
life greater than 130 days, whereas the conventional flexible device shows
degradation after only 12 days. In addition, by extending the cavity length to
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the second-order interference maximum, operational stability of the devices
was significantly improved. To realize efficient OLEDs optical modeling of
the entire device stack was used to optimize the cavity length to the second-
order interference maximum by increasing the hole transport layer
thickness.

Due to the importance of using flexible OLEDs in biomedical appli-
cations red phosphorescent OLEDs were developed in this work. This is
because red light with a wavelength of 600-700 nm has a higher penetration
depth into tissue than shorter wavelengths’.

Results

Previously we developed flexible OLEDs that are composed of doped
transport layers known as a p-i-n structure that is sandwiched between a
reflective metal anode and a semi-transparent metal cathode in a top
emission configuration and encapsulated by an epoxy glue (NOASS,
Norland) and a commercial polyethylene terephthalate (PET) film with
barrier layers’ (LINTEC Corporation) (Fig. 1a). We take this structure as a
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Fig. 1 | Overview of changes in device structure.
a Baseline device structure. b Changing anode and
using second-order cavity. ¢ Replacing the electron
transport layer.
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baseline for assessing adjustments to improve shelf lifetime. Figure 2a, b
shows current density-voltage-luminance (J-V-L) characteristics and
external quantum efficiency (EQE) as a function of luminance for this
baseline device. At a luminance of 1000 cdm > OLED devices show an
operating voltage of 2.83 V and EQE of 25.2%. This low driving voltage is a
requirement for applications in wearable electronics to avoid Joule heating.
However, the important issue of these flexible OLEDs is their short shelf
lifetimes due to their high sensitivity to oxygen and moisture. Figure 2¢, d
displays OLED devices degraded after 12 days of storage in air. The
degradation could be seen as shrinkage of emission area, reduction of light
output and appearance of dark spots.

To improve the environmental stability of the flexible OLEDs we first
started to protect layers that are sensitive to oxygen and moisture. As alu-
minum can react with oxygen, silver was used as a protection layer on top of
the aluminum electrode in p-i-n and n-i-p structure (Supplementary Fig. 1).
In addition, to achieve operationally stable OLEDs the cavity length
was extended to the second-order interference maximum. Outcoupling
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Fig. 2 | Device performance using the conventional (a) (b)
structure. a Current density-voltage-luminance
characteristics. b EQE-Luminance. ¢ Image of the 100 - 30
device just after fabrication. d Image of the device 104 e 10000 25
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Fig. 3 | Comparing the performance of p-i-n and n-i-p OLEDs using Al/Ag reflective electrode and second-order cavity. a Current density-voltage-luminance

characteristics. b EQE-Luminance. ¢ Operational lifetime test.
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efficiency calculations in Supplementary Fig. 2 show the optimized thick-
nesses for the hole transport layer (HTL) and electron transport layer (ETL)
are 195-225 nm and 60-70 nm, respectively. Therefore, an HTL thickness
of 195 nm and ETL thickness of 60 nm were used for device fabrication to
induce the second-order constructive interference effect.

p-i-n and n-i-p structures

The device performance including the current density-luminance-voltage,
EQE-luminance, and operating lifetime test for the fabricated p-i-n and n-i-
p devices is summarized in Fig. 3. As Fig. 3a, b shows the voltage and EQE at
luminance of 1000 cd m™?is reached at 2.96 V and 16% for the p-i-n devices,
while in the case of n-i-p devices the voltage increased to 4 V with lower EQE
of 12.4%. The operational lifetimes of the fabricated OLEDs are shown in
Fig. 3c. The LTs, (time to 50% of initial luminance) at a current density of
25 mA/cm’ is only 6 h for the n-i-p devices, however, in the case of p-i-n
devices, the intensity decayed less than 4% after 17 h. Shelf lifetime mea-
surements of the p-i-n OLEDs showed the formation of dark spots as well as
non-uniform emission after 1 month and degradation can be seen more
clearly in Supplementary Fig. 3¢ after 3 months.

Bottom reflective electrode: comparing Al/Ag with Ag electrode
In view of the better performance of the p-i-n device, we explored further
refinements of this structure. We next compare the performance of p-i-n
OLEDs based on Al (80nm)-Ag (20 nm) and Ag (100 nm) bottom
reflective electrodes (schematic structure of devices is shown in Supple-
mentary Fig. 4a). For further tuning of the second order cavity for devices
using Al (80 nm)-Ag (20 nm), we increased the thickness of HTL from
195nm to 205 nm. The spectrum peak shifts from 594 nm to 610 nm
(Supplementary Fig. 5a, b) and the EQE at 1000 cdm ™ increases from 16%
to 19.6% (Supplementary Fig. 5¢).

Figure 4a shows EQE-luminance characteristics for devices using Al/
Agand Ag reflective electrodes. The EQE at 1000 cdm for devices using an
Al/Ag electrode was observed to be 19.6%, however, when the bottom
electrode changes to Ag the EQE increased to 26.5%. We performed optical
calculations in order to explain the differences in EQE between the devices
using Al/Ag and Ag reflective electrodes. Figure 4b illustrates outcoupling
efficiency as a function of HTL thickness for devices using Al/Ag and Ag
electrodes. For the device using Al/Ag the maximum outcoupling efficiency
in the second-order cavity was 24.4% and increased to 27.5% by changing
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Fig. 5 | Comparison of device performance using Ag and Cs doped BPhen for electron transport layers. a Current density-voltage-luminance characteristics. b EQE-
Luminance of the devices using different doping concentrations. ¢ Operational lifetime test.

the reflective electrode to Ag. Abs + Refloss in Fig. 4c shows the ratio of light
with a propagation angle less than the critical angle of the emission layer/air
interface that could not outcouple owing to losses caused by electrodes
(absorption and imperfect reflection) versus total light generated. As Fig. 4c
shows for an HTL thickness of 205 nm, which maximizes outcoupling
efficiency, the optical losses reduce from 0.14 to 0.114 by changing the
bottom reflective electrode from Al/Ag to Ag. Figure 4d shows that coupling
to waveguide (WVG) modes and surface plasmon polariton (SPP) modes
does not change. Therefore, the improvement in EQE by using a silver
electrode is mainly due to a reduction of absorption and reflection loss.

Using an alternative n dopant for electron transport layer
Another reactive material in the conventional p-i-n structure is the Cs used
to n-dope the ETL. Therefore, to improve the environmental stability of
flexible OLED:s silver was used as an alternative n dopant in the electron
transport layer. Bin et al. ** showed the effect of using silver as an efficient n
dopant in a rigid device. Doping efficiency of silver and cesium as n dopants
have been previously explained by using ultraviolet photoelectron spec-
troscopy (UPS) and using low energy inverse photoemission spectroscopy
(LEIPS) to measure Fermi level shift. The electron injection barrier reduces
due to a shift of the Fermi level toward the lowest unoccupied molecular
orbital (LUMO) state by using silver or cesium n dopants. Here, we explore
its effect on the shelf lifetime of flexible devices. To study the effect of
employing silver on electron transporting properties we first fabricated
devices on a glass substrate and compared Ag and Cs doped BPhen (device
structure is shown in Supplementary Fig. 4b). Figure 5a shows the J-V-L
characteristics of the devices. At a luminance of 1000 cd m 2, the voltage for
the devices using Cs as an n dopant is 2.72 V while a voltage of 2.98 V is
required for Ag-doped devices. Figure 5b shows EQE as a function of
luminance for Ag-doped BPhen using different doping concentrations. The
EQE of the Ag-doped devices at 1000 cd m > with doping concentrations of
9,13,and 32 wt% are 22.5%, 19.5%, and 13.8%, respectively. The operational
lifetime of the OLEDs using the 9 wt% Ag-doped Bphen was tested at a
current density of 25 mA/cm’. As Fig. 5c illustrates they show a stable
emission with less than 3% decay in intensity after 30 h. Owing to the rough
surface of silver as a reflective electrode™ first order devices were not
operationally stable and suddenly shorted, however, extending the cavity
length to the second-order interference maximum by increasing HTL
thickness can smoothen the surface morphology and therefore, the opera-
tional stability of the devices were significantly improved.

Flexible OLED performance based on the modified structure

In the final step of this work, we combined the above elements by making
devices on PET substrate employing silver as a reflective electrode and an
Ag-doped BPhen electron transport layer (device structure is shown in
Fig. 1c). Two different top transparent electrodes of Ag (20 nm) and Au
(2nm)-Ag (10nm) were used. Our comparative study of J-V-L

characteristics for these two electrode layers (Ag (20nm) versus Au
(2nm)-Ag (10nm)) shown in Fig. 6a, b indicates that there is a slight
difference in terms of operating voltage and EQE. The voltage at
1000 cd m ™ reached 3.1V with EQE of 22.5% for the devices using Ag
(20 nm) while in the case of Au (2 nm)-Ag (10 nm) the voltage increased to
3.3V with 20% EQE.

The shelf lifetime of the flexible OLEDs with Au (2 nm)-Ag
(10 nm) is shown in Fig. 6¢c. It shows a shelf lifetime of greater than
130 days which exhibits significantly higher air stability than our pre-
vious flexible OLEDs. In addition, we found that the flexible OLED
based on the new structure not only leads to an improvement of device
shelf lifetime in air but also provides sufficient protection to operate the
devices in deionized water (Fig. 6d and Supplementary Movie 1).
Therefore, these features including low turn-on voltage, high efficiency,
water resistivity and air stability based on the new structure make our
flexible OLEDs promising for wearable medical devices.

Our results compare favorably with past studies. Several reports on
both top and bottom emitting devices showed higher operating voltage
(5—12 V) and much shorter lifetime (from 40 h to 30 days)*****'. A bottom
emitting display was reported showing only a few dark spots after a year'*.
However, our device shows lower operating voltage and higher efficiency.
Another study used multilayer structures consisting of inorganic nanola-
minates formed by atomic layer deposition (ALD) and parylene-C for
encapsulation'. It achieved similar efficiency and operating voltage, but
dark spots appeared after 70 days, whereas our device has lasted more than
130 days without shrinkage of emission area and dark spots. In addition, our
encapsulation method avoids the complexity of ALD and the heating of the
OLED during the process which can adversely affect the device performance
and stability. Further details of this comparison are provided in Supple-
mentary Table 1.

Discussion

In summary, we presented a device design strategy to demonstrate the
feasibility of making long-lived flexible OLEDs by using thermal evapora-
tion only and without using a stringent encapsulation technique. Replacing
air-sensitive layers such as aluminum as a reflective electrode and alkali
metals as an n dopant with silver leads to a significant improvement in
ambient stability. In addition, by expanding the cavity to the second-order
constructive interference maximum the OLEDs showed an EQE of 22.5% at
an initial luminance of 1000 cd m~ with less than a 3% reduction in
intensity after 30 h. Our results enable the development of using OLEDs in
wearable bioelectronics applications.

Methods

OLED fabrication

Alllayers were deposited by thermal evaporation using a thermal evaporator
(Angstrom Engineering, EVOVAC vacuum deposition system) with a base
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pressure lower than 3 x 10~7 mbar. In our conventional structure, a 100 nm
aluminum anode was deposited on a PET substrate with barrier layers at a
rate of 3 A/s. In the proposed structure 100 nm silver was deposited on the
substrate at a rate of 1 A/s. The hole transport layer (HTL) consists of a
35nm 2,2',7,7"-tetra (N, N-di-p-tolyl) amino-9,9-spirobifluorene (Spiro-
TTB) p doped by 2,2-(-(perfluoronaphthalene-2,6-diylidene) dimalononi-
trile (F6-TCNNQ) (4 wt%) and was deposited at 0.6 A/s. In a modified
structure the optical cavity was extended to the second order by increasing
the thickness of HTL to 195 and 205 nm. An electron-blocking layer of NPB
(N,N’-bis (naphthalen-1-yl)-N,N’-bis(phenyl)-benzidine) with a thickness
of 10nm was deposited at 0.3A/s. A 40nm emission layer of
Ir(MDQ),(acac)  (2-methyldibenzo[fh]quinoxaline)(acetylacetonate)iri-
dium(TII) at (10 wt%) in a NPB host. A hole blocking layer of bis(8-hydroxy-
2-methylquinoline) -(4-phenylphenoxy) aluminum (BAlq) was deposited
at 0.3 A/s. A 60 nm electron transport layer of 4,7-diphenyl-1,10- phenan-
throline (BPhen) was doped by either Cs or Ag and deposited at 1 A/s. For
the top electrode, 20 nm Ag was deposited at 1 A/s and an 80 nm NPB
capping layer was deposited at 0.6 A/s. After evaporation, we encapsulated
the fabricated OLEDs inside a nitrogen glovebox by using a PET with a
barrier, a UV-curable epoxy glue (Norland Optical Adhesive 88), and a
moisture getter. Before encapsulation, the glue was baked at 80 °C for one
hour inside the glovebox.

OLED characterization

J-V-L characteristics of the OLEDs were measured using a source mea-
surement unit (Keithley 2400), a multimeter (Keithley 2000) and a cali-
brated silicon photodiode. The electroluminescence (EL) spectrum of the
devices was measured by using a spectrograph (MS125, Oriel) connected to
a charge-coupled device (CCD) camera (DV420-BU, Andor). EQE values
were calculated based on the assumption that the emission profiles of the
OLEDs are Lambertian.

OLED simulation

Optical simulation of the devices was performed in Spyder using a custom-
made program-based Python programming language. Further details of this
simulation are provided in Supplementary Note 1 and the supplementary
of ref. 27.
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