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logical parameters suitable for OLED applications. Different structures were fabri-

cated on top of the PLA substrates by hybrid technology through solution-based and
thermal evaporation deposition methods. Good electro-optical properties were
detected in iridium complexes-based devices, with current efficiencies of about
14 and 1 cd/A in structures with tris[2-phenylpyridinato-C2,Nliridium(lll) (Ir[ppy]s)
and bis[2-(4,6-difluorophenyl)pyridinato-C2,N](picolinato)iridium (FIrPic) as emitting
layer, respectively. The biocompatibility assay showed that the encapsulated devices
do not release toxic substances and their biocompatibility can be improved by
selecting different encapsulating glues. The results of this study show the potentiality
of PLA as substrate for the fabrication of biocompatible and biodegradable optoelec-
tronic devices opening new routes for the development of advanced bio-electronic

systems.

KEYWORDS
biocompatibility assay, biodegradable and biocompatible polymers, FDA approved polymer,
flexible optoelectronic devices, OLED, polylactic acid

This is an open access article under the terms of the Creative Commons Attribution-NonCommercial-NoDerivs License, which permits use and distribution in any
medium, provided the original work is properly cited, the use is non-commercial and no modifications or adaptations are made.
© 2022 The Authors. Polymers for Advanced Technologies published by John Wiley & Sons Ltd.

Polym Adv Technol. 2022;33:1523-1532. wileyonlinelibrary.com/journal/pat 1523


https://orcid.org/0000-0002-7948-8103
mailto:loredana.tammaro@enea.it
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://wileyonlinelibrary.com/journal/pat
http://crossmark.crossref.org/dialog/?doi=10.1002%2Fpat.5618&domain=pdf&date_stamp=2022-02-13

PRONTERA ET AL.

1524 paolymers
_|_ __advanced.
WILEY technologies

1 | INTRODUCTION

The application of biocompatible and biodegradable materials in the
fabrication of electronic devices is one of the most interesting
research topics of the recent years.x™® Such kind of materials repre-
sents the perfect solution for the design of fully biocompatible
devices that can be integrated and interfaced with biological systems,
with great potentiality for the development of advanced therapeutic
technologies and health monitoring systems.* Moreover, the waste
deriving from the end of life of electronic devices (e-waste) represents
a critical aspect for the future of our planet. As a partial solution, by
exploiting biodegradable materials in the production of such devices,
the amount of e-waste can be reduced.®>>® Additionally, the use of
bio-derived materials can potentially decrease the carbon footprint of
the production process.>¢

In principle all the components of an electronic device, like con-
ductors, semiconductors, dielectrics and substrates, can be replaced
with the corresponding biocompatible and/or biodegradable mate-
rials.2”® In this context, the substrate strongly dictates the overall
characteristics of the device.! Indeed, the interaction between the
substrate and the layer deposited on top, being assured the chemical
compatibility of the component materials, depends on several factors
(reticular order of both materials, molecular electrical interaction, etc.).
These factors affect macroscopic features, such as the surface energy,
which, combined with the substrate roughness, influence, in turn, the
wetting properties of the substrate/layer system in case of solution-
processed layer, the adhesion of the layer to the substrate itself, as
well as the morphology of the deposited layer especially in case of
thin film. The use of suitable (physical, chemical, mechanical) surface
treatments and/or thermal conditioning can properly control/modify
the adhesion at the interface substrate/device also inducing a grow of
the first layer deposited on top in a way that its structural and mor-
phological properties are optimized.

Moreover, generally the substrates have thickness and weight of
several orders of magnitude higher than those of each other layer of
the device. This is fundamental in biological applications as the sub-
strate significantly establishes the degree of biodegradability of the
entire device. Furthermore, the substrate is for one side of the device
the boundary layer with the external environment and so it can also
work as outermost encapsulating layer of the device in direct contact
with the biological systems in case of bio-integration.

The above-mentioned aspects highlight that the substrate,
although it is only the support of the active device, has a crucial role,
mainly in specific applications.

Among all types of electronic devices having different functionali-
ties, photonic devices are becoming a very powerful tool for the
healthcare monitoring and therapy by exploiting the interaction
between the biological systems and the light.” Additionally, solid state
lighting devices in particular show multiple applications in the field of
photodynamic therapy, optogenetic, sensing, as well as wearable dis-
plays.2® A very promising solid-state lighting technology is represen-
ted by the organic light emitting diode (OLED) one, since it combines
excellent properties in terms of luminous efficiency and intrinsic

characteristics of organic materials.*#1112 Organic materials are soft,
flexible, and often biocompatible and hence they can be properly
exploited for the design of bio-optoelectronic devices. Moreover, cur-
rently the commercially available luminescent organic materials are
characterized by different emission spectra such to cover almost the
entire visible wavelength range. That makes the OLEDs versatile in
different application fields since the color emitted by them can be
chosen in order to satisfy different needs. In particular, in biological
applications the emission wavelength is an important parameter: in
phototherapy a specific wavelength is delivered to a photosensitizer
in order to produce singlet oxygen which is able to interact with can-
cer cells and bacteria; in optogenetics, the light is used to control
genetically modified neurons and a good overlap with the absorption
spectrum of the light sensitive protein is crucial to achieve the stimu-
lation; health monitoring systems for the heart pulse measurements
or oximeters require light emitting devices with different emitted
wavelengths.*? Therefore, the choice of the active materials is the
first step to address a bio-electronic OLED device.

Also the substrate has a key role. Many literature works reported
about the potential of cellulose-based substrates for the realization of
flexible OLED devices.?®>"2¢ Flexible OLEDs were also fabricated on
other biocompatible and bio-derived substrates based on silk
fibroin,*” alginate,'® and a starch/polyvinyl alcohol/chitosan ternary
blend.'? Unfortunately, the mentioned natural materials show some
drawbacks such as the high cost and the large batch-to-batch variabil-
ity that make their application on large scale difficult. In this frame-
work, synthetic biocompatible and biodegradable materials could
offer a valid alternative.?° In particular, poly(lactic acid) (PLA) is a Food
and Drug Administration (FDA) approved?® biodegradable thermo-
plastic polymer deriving from renewable resources, showing low tox-
icity and eco-compatibility, largely used in the packaging industry and
biomedical field.22-2*

One of the fundamental aspects to consider for the fabrication of
electronic devices on PLA substrates is related to its poor heat resis-
tance and mechanical properties. Several studies in literature
demostrated the application of PLA as substrate in different electronic
devices. Luoma et al. investigated the effect of the polymer orienta-
tion and the annealing treatments on the thermal and mechanical
properties of PLA substrates for the fabrication of screen-printed
electronic circuits.?> Organic electrochemical transistors and organic
field effect transistors are reported as further examples where spin
coated PLA is employed as substrate.?® Valimaki et al. used bio-based
PLA substrates obtained by extrusion for the fabrication of organic
solar cells with anode and active layer deposited by gravure
printing.2”

Additionally, alternative widely employed strategies use PLA as
polymeric matrix embedding conductive nanomaterials to prepare
conductive substrates for electronic devices. In 2018, Fryn et al.
reported the manufacturing of a flexible electrode made of L,D-PLA
and single walled carbon nanotubes (SWCN)?8; the optical and dielec-
tric characteristics of drop casted films were investigated showing
good potentiality for solar cells fabrication. Fallahi et al. obtained a

conductive, flexible, and transparent film based on PLA and silver
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nanowires (AgNWs) which could be used as substrate for optoelec-
tronic devices.?? Recently, OLEDs®® and perovskite solar cells®! were
fabricated on top of AgNWSs/PLLA:PDLA and AgNWs/PH1000
(highly conductive poly(3,4-ethylenedioxythiophene):poly-(styrene-
sulfonic acid) (PEDOT:PSS)/PLA films, respectively.

The above reported literature results demonstrate the potential
of PLA as biodegradable material to realize substrates for optoelec-
tronic devices, nevertheless its employment is still limited so far and
further investigations are needed to evaluate its applicability in bio-
logical and healthcare fields. Moreover, focusing the attention on
the manufacturing of a PLA-based OLED device other matters have
to be considered like the need to use flexible materials. The widely
used indium tin oxide (ITO) electrode is too brittle and so it is not
compatible with the mechanical flexibility desired in the final prod-
uct. In addition, the increasing prices of ITO due to the decreasing
availability intensify the search for alternatives, such as thermal
evaporation of thin metallic films or dielectric-metal-dielectric com-
pounds or solution-based methods such as spin coating, screen
printing, roll-to-roll printing, spray coating and inkjet printing.332
Therefore, the employment of PLA as flexible substrate drives
toward ITO-free OLED structures where the substitution of ITO
with proper anodic materials has a crucial role in the efficiency of
the final device.

In this work, we reported the preparation and the characteriza-
tion of PLA substrates and their application for the fabrication of
potentially biocompatible ITO-free OLED devices. The substrates,
obtained through melt extrusion, show good transparency and sur-
face morphological characteristics which make them suitable for
OLED application. OLED devices were manufactured on top of the
PLA substrates by hybrid technology using both spin coating and
thermal evaporation techniques, by exploiting emitting materials
with different emission spectra and finally they were tested to eval-
uate the biocompatibility.

To the best of our knowledge, bare PLA, not in combination
with any additional material, has been used as substrate in electron-
ics but never specifically in OLED applications. Therefore, here we
present a study aimed to demonstrate the feasibility to manufacture
optoelectronic devices onto PLA layers, exploiting the properties of
flexibility, biocompatibility, and biodegradability of the own PLA.
Looking toward biological applications, we combined PLA substrates
to ITO-free OLEDs, chosen as the more suitable architecture for
flexibility, by employing electroluminescent active materials, having
different emission wavelengths so to cover a wide range of biologi-
cal investigations, and manufactured by means of different deposi-
tion methods in order to not limit the application to a specific
fabrication technique. The work aim was addressed to prove the
feasibility of OLED devices collecting all those aspects although, in
the current phase, without focusing the study on the optimization of
the optoelectronic performances rather extending it to biocompati-
bility investigation.

This latter issue is still poorly explored. Indeed, as matter of fact,
there is only a recent study which reports the investigation of an

embryonic prototype of a fully biocompatible substrate-less OLED
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where the biocompatibility assay was evaluated for each individual
layer of the device.3*

The obtained results of our study in terms of device efficiency
and biocompatibility of the whole device structure are very encourag-
ing and could open new routes for the development of flexible bio-
compatible and biodegradable optoelectronic devices leading to

further research to optimize the device performances.

2 | EXPERIMENTAL SECTION

2.1 | Materials

PLA (Ingeo™ Biopolymer 4043D) was supplied in pellet form by
NatureWorks LLC (Minnetonka, MN) and used for the melt extrusion
of the substrate. Clevios PH1000 (poly(3,4-ethylenedioxythiophene)-
poly(styrenesulfonate)) (PEDOT:PSS) ratio = 1:2.5) and Clevios Al
4083 (PEDOT:PSS ratio = 1:6) were purchased from Heraeus Clevios
GmbH and used as anode and hole injection layer (HIL), respectively.
The white polymer (Livilux SPW 111) was purchased from Merck and
used as emitting layer (EML). Cesium was supplied by Saes Getters.
4,4'-Bis(N-carbazolyl)-1,1'-biphenyl  (CBP), tris[2-phenylpyridinato-
C2,NJiridium(lll) (Ir[ppyls), bis[2-(4,6-difluorophenyl)pyridinato-C2,N]
(picolinato)iridium (FlIrPic), bathophenanthroline (BPhen) and silver
(Ag) were supplied by Sigma Aldrich. NOA 65 UV-curable resin, used
for the device encapsulation, was supplied by UNIFIBRE Srl. All sol-
vents, isopropanol, dimethyl sulfoxide (DMSO), toluene, were used

without further purification.

2.2 | Preparation of PLA substrates

PLA substrates were fabricated by extrusion starting from 4043D
PLA pellets, previously dried at 80°C for 4 h for the moisture
removal, as recommended by the technical data sheet of the manu-
facturer. The extrusion was performed in a HAAKE Rheomex 19/25
QC single screw extruder with a PolyLab QC drive unit and chill roll
system using a screw speed of 30 rpm and with a temperature of
the water entering the chill roll of 40°C. During the PLA film extru-
sion, the temperature was 180°C in the feeding zone and in the die.
The lip of the sheet die and the speed of the chill roll system were
arranged to obtain an average thickness of the film of
about 100 pm.

2.3 | Fabrication of OLEDs on PLA substrates

Two device configurations were tested: Anode/HIL/EML/cathode
(Devl) and Anode/HIL/EML/ETL/cathode (Dev2 and Dev3),
where ETL represents the electron transport layer. For all the
devices, the anode is an high conductive (HC) PEDOT:PSS
(Clevios PH1000), the HIL is PEDOT:PSS (Clevios Al 4083) and
the cathode is Ag.
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Dev1 is based on a polymeric white EML (Livilux SPW 111), while
Dev2 and Dev3 are phosphorescent OLEDs based on two different
host/guest EML systems (CBP:Ir[ppy]s and CBP:FIrPic, respectively)
with a BPhen/BPhen:Cs bilayer as ETL.

For the device fabrication, PLA substrates of area 2.5 x 2.5 cm?
were cleaned using isopropanol and then dried in vacuum oven for
4 h. Before the anode deposition, the surface wettability of PLA film
was improved by applying an oxygen plasma treatment by means of
Tucano RIE system (Gambetti). Different combinations of oxygen flow
rate (10, 20 sccm), treatment time (5, 10, 15, 30 min) and plasma
power (5, 15, 20, 50 W) were tested. The optimal combination
(10 sccm, 30 min, 15 W) was selected to obtain a good and uniform
adhesion of the anode solution deposited on the PLA films without
compromising the substrate integrity and transparency.

To increase the conductivity of PEDOT:PSS, 5% by volume
DMSO was added to the commercial PEDOT:PSS (PH1000,
Clevios).3>3¢ The solution was filtered through a 0.45 ym PVDF
syringe filter and spin coated onto the oxygen plasma treated PLA
substrates at 800 rpm for 30 s followed by a thermal annealing per-
formed on hot plate at 45°C overnight in ambient atmosphere. The
final thickness of PEDOT:PSS-based anode was around 135-
140 nm.

Another commercial PEDOT:PSS solution (Al 4083, Clevios)
was employed to deposit the HIL. Before the HIL deposition, a
mild O, plasma treatment (10 sccm, 30's, 50 W) was performed
on top of HC PEDOT:PSS to improve wettability. This layer was
deposited by spin coating (3000 rpm for 60 s) and then thermally
treated on hot plate at 45°C overnight giving a thickness of
about 40 nm.

The electroluminescent polymer (SPW-111) was deposited by
spin coating (3500 rpm, 500 rpm/s, 30's) from a toluene solution
(8 mg/ml) filtered through a 0.45 um PTFE syringe filter. The resulting
thickness was 90 nm. The multilayer structures were annealed over-
night at 45°C. For Dev2 and Dev3, CBP:Ir(ppy)s (25 nm), CBP:FIrPic
(25 nm), and BPhen/BPhen:Cs (10 nm/40 nm) were deposited by
thermal evaporation in ultrahigh vacuum (10~ mbar) using a shadow
mask to define the active area of the devices (15 mm?). Finally, a
100 nm thick Ag cathode was deposited by thermal evaporation for
all devices. Analogues devices of Devl, Dev2, and Dev3 were fabri-

cated on glass substrates and used as reference systems.

2.4 | Characterization
In order to evaluate the wettability of the PLA substrates, contact
angle measurements were carried out by an OCA20 (DataPhysics)
system using ultra-pure water. Determinations were made on 10 dif-
ferent locations for each sample, and the average value was reported
with its standard deviation (SD).

The surface morphology and the roughness of the films were
investigated by atomic force microscopy (AFM) with the Veeco
Dimension Digital Instruments Nanoscope IV system, operating in

tapping mode configuration and scanning areas of 1x1 pmz.

The electrical conductivity of the anodic films was evaluated
through sheet resistance measurements performed by a four-
points probe instrument (Resistest RT 8A coupled with Resistage
RG 8, Napson) applying the current of 1 pA; the estimated
values were expressed as mean* SD calculated on 10
measurements.

The thickness of the films was measured by an interferometry-
based optical profilometer (Talysurf CCl HD, Taylor Hobson).

Transmittance and reflectance measurements were performed by
using a Perkin Elmer Lambda 900 spectrophotometer.

The electro-optical characteristics of the OLED devices were
measured by using an Optronics OL770 spectrometer coupled to the
OL610 telescope unit through an optical fiber for performing lumi-
nance measurements. The whole system was calibrated by the
National Institute of Standards and Technology (NIST) using a stan-
dard lamp, and was directly connected to a Keithley 2420 current-
voltage source meter by an R$232 cable. All measurements were per-
formed inside an inert atmosphere glove box with dry pure nitrogen.
Four devices were fabricated for each typology of the investigated
devices and the average value of four measurements was reported
with its SD.

2.5 | Biocompatibility assay

In vitro biocompatibility of the whole OLED and of each layer of the
device singly analyzed was made according to the International Orga-
nization for Standardization (ISO) guidelines (ISO 10993-5)
(International Organization for Standardization 2009). All tested sam-
ples were sterilized by UV-radiation prior testing them in cell cultures.
Normal human BJ cell line (ATCC CRL-2522) was used to test the
materials biocompatibility using a proliferation metabolic MTT
(3-[4,5-dimethylthiazol-2-yl]-2,5 diphenyl tetrazolium bromide) assay
after 48 h of incubation. Human normal fibroblasts (BJ) were
maintained in Dulbecco's Modified Eagle Medium (DMEM, Sigma
Aldrich) supplemented with 10% (vol/vol) of fetal bovine serum (FBS,
Sigma Aldrich), penicillin (100 U/ml culture medium, Sigma Aldrich),
streptomycin (100 pg/ml culture medium, Sigma Aldrich), L-glutamine
(5%, Sigma Aldrich) and sodium pyruvate (5%, Sigma Aldrich) and
grown in a humidified incubator at 37°C, 5% CO,, and 95% relative
humidity.

BJ fibroblasts were seeded on the materials to test (1 x 10° cel-
Is/ml), and cultured for 48 hours. MTT test was carried out in agree-
ment to the manufacturer suggestions (Sigma-Aldrich) and cell
viability was determined by absorbance at 570 nm with the following

equation:

Cell viability (%) = % x 100,
control

where ODsgmple and ODcontror Were the absorbance of the sample and
the negative control (CTR) that was referred to the BJ cells without
any treatment.

85UB017 SUOWILIOD BA1FeR1D 3|qeot ddke 8y} Aq peusenob afe sajolfe YO ‘BSn J0 S3|NI o4 A%iq 1 UIIUO A3]1M UO (SUO 1 PUOD-PUR-SWSH 00" A3 IMA 1 1U1IUO//SANY) SUORIPUOD PUe SWR L 83 88S * [202/TT/ST] U0 Arelqiauijuo A3|im eifelieuelydod Aq 819G 1ed/200T 0T/I0p/Wo0 A8 | M AReiq Ui |uo//Sdiy Lol papeo|umod ‘G ‘2202 ‘T8STE60T



PRONTERA ET AL.

3 | RESULTS AND DISCUSSION

3.1 | Substrates characterization

Preliminary characterization was carried out in order to evaluate the
suitability of the PLA substrates for the fabrication of the OLED
devices. In particular, the surface morphology and the substrate wet-
tability are two important parameters that determine the perfor-
mances of the optoelectronic device. A uniform substrate with low
roughness is fundamental to avoid short circuit in the device. More-
over, the wettability of the substrate can affect the quality of the
functional layers grown on top, especially when deposited by
solution-based techniques. In addition to these surface properties, the
PLA transparency has also to be investigated since the light absorp-
tion by the substrate should be negligible in OLED applications.

Surface morphology was analyzed by AFM and the topography
image is shown in Figure 1A. A granular structure is visible with an
average grain size of (35.0 + 4.3) nm and a root-mean-square rough-
ness (Ry) of (12.52 + 0.01) nm. The fabricated substrate can be consid-
ered transparent for the specific application, having a transmittance
value higher than 90% in the whole visible range (Figure 2A).

About the wettability properties, PLA substrate is slightly hydro-
phobic, showing a water contact angle (WCA) of 82° + 3°. In order to
improve the substrate wettability, which is a crucial parameter in the
subsequent manufacturing steps of the device, a plasma oxygen treat-
ment was carried out allowing to reduce the contact angle value up to
21° £ 1°. The substrate transmittance in the visible range is not
affected by the plasma oxygen treatment as reported in Figure 2A,
while a slight increase in the scattering properties of the substrate is

detected from the reflectance measurements (Figure 2B).

3.2 | Device fabrication and characterization

PEDOT:PSS was selected as material for the anodic layer thanks to its
flexibility and biocompatibility properties.>”*® High conductive
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FIGURE 1
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PEDOT:PSS (HC PEDOT:PSS) was spin-coated onto plasma-treated
PLA and annealed at 45°C overnight. The annealing temperature used
in all the fabrication process was selected to avoid the substrate soft-
ening that occurs at around 60°C, value close to PLA glass transition
temperature.®?*° The surface morphology of the HC PEDOT:PSS
layer deposited on top of the PLA substrate was evaluated through
AFM measurements and the results are reported in Figure 1B. A uni-
form and flat surface is clearly visible confirmed by the estimated R,
value of 0.94 + 0.01 nm; the anode layer is able to level the granular
shape of the underlying PLA offering the proper surface quality (low
roughness) at the interface with the upper layer to be deposited
on top.

In order to assess how the presence of the anode layer modifies
the optical transmission of PLA film, the transmittance spectrum of
the HC PEDOT:PSS-coated PLA is compared with those of the
uncoated PLA films with and without the O, plasma treatment in the
range 400-800 nm, as displayed in Figure 2C. The transmittance at
800 nm of the anode-coated PLA substrate is reduced of about 13%
compared with the corresponding uncoated PLA films. Therefore, the
deposited PEDOT:PSS decreases the transmission of visible radiation,
although the light transmittance of the entire stack remains still high,
around 80%-90%, values suitable for the realization of a bottom emit-
ting OLED device.

The electrical conductivity of the anode layer was evaluated
through sheet resistance and thickness measurements. A sheet resis-
tance value of 115 +5 Q/sq was measured for a 139 +4 nm thick
PEDOT:PSS layer, which corresponds to a conductivity of 625
+ 20 S/cm. This value is in good accordance with the literature data,
although the temperature of 45°C here applied for the thermal treat-
ment was extremely lower than the temperature of 110-120°C usu-
ally used in the annealing phase of the HC PEDOT:PSS layer.2%4!
Typically, a treatment of 15 min at 110-120°C is applied to remove
DMSO solvent from the thin layer and promote the agglomeration of
the PEDOT grains with a subsequent significant enhancement of the
electrical conductivity.*? In our work, although a much lower tempera-
ture is applied in the thermal process, the long exposure time

(©)

30.0nm 100 30.0nm

15.0nm 0.75 15.0nm
0.0°nm 0.50 0.0°nm
0.25
0 0
0.75 1.00 0 0.25 0.50 0.75 1.00
um um

(A) Atomic force microscopy images of PLA substrate, (B) PLA substrate/HC PEDOT:PSS, (C) PLA substrate/HC PEDOT:PSS/HIL

PEDOT:PSS. HC, high conductive; HIL, hole injection layer; PEDOT:PSS, poly(3,4-ethylenedioxythiophene):poly-(styrene-sulfonic acid); PLA,

poly(lactic acid)
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FIGURE 2 (A) Transmittance spectra of PLA substrates before and after O, plasma treatment with WCA inset; (B) reflectance spectra (total

reflection and total reflection specular excluded) of PLA substrates before and after O, plasma treatment; (C) transmittance spectra of PLA/HC
PEDOT:PSS and bare PLA substrate. HC, high conductive; PEDOT:PSS, poly(3,4-ethylenedioxythiophene):poly-(styrene-sulfonic acid); PLA,
poly(lactic acid); WCA, water contact angle
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electroluminescence spectra of Dev1, Dev2, and Dev3; (F) CIE coordinates graph of Dev1, Dev2, and Dev3

(overnight) resulted adequate to provide the thermal energy necessary

for the rearrangement process, so inducing the conductivity improve-

ment of the PEDOT:PSS thin film.

Successively, the HIL layer was deposited onto the HC PEDOT:
PSS anode by spin coating: its morphology is displayed in Figure 1C

and highlights a homogeneous and flat surface with R, values of

0.60 £0.01 nm.

At this stage, two different kinds of EML were tested. A white

emitting polymer (Livilux SPW-111) was deposited on top of the HIL

layer by spin coating starting from a toluene solution, followed by an

overnight thermal treatment at 45°C. Although PLA is quite soluble in
toluene, the previously deposited PEDOT:PSS-based layers act as pro-

tective layers allowing the deposition of the electroluminescent poly-

mer solution without dissolving the substrate. This type of device was

85UB017 SUOWILIOD BA1FeR1D 3|qeot ddke 8y} Aq peusenob afe sajolfe YO ‘BSn J0 S3|NI o4 A%iq 1 UIIUO A3]1M UO (SUO 1 PUOD-PUR-SWSH 00" A3 IMA 1 1U1IUO//SANY) SUORIPUOD PUe SWR L 83 88S * [202/TT/ST] U0 Arelqiauijuo A3|im eifelieuelydod Aq 819G 1ed/200T 0T/I0p/Wo0 A8 | M AReiq Ui |uo//Sdiy Lol papeo|umod ‘G ‘2202 ‘T8STE60T



PRONTERA ET AL.

completed by thermal evaporation of a 100 nm-thick Ag cathode
(Devl). Moreover, two different typologies of phosphorescent
devices were also fabricated by thermal evaporation of the light emit-
ting host-guest systems CBP:Ir(ppy)s (Dev2) and CBP:FlrPic (Dev3).
Such devices were completed by depositing the electron transport
bilayer evaporating in sequence BPhen + BPhen:Cs and finally com-
pleted with the Ag cathode.

Devl was the only investigated configuration with all layers
deposited by solution process except for Ag-based cathode, which
was evaporated as for Dev2 and Dev3. On the other hand, since the
Ag is also available in commercial silver-based dispersions, its use as
cathode in Dev1 could allow the fabrication of all-solution processed,
potentially printable and air stable OLEDs based on a very simple
structure made by only four layers.

A scheme of the devices structure and the curves of the
electro-optical performances of the best devices are reported in
Figure 3.

In Table 1 are reported the average values of luminance, current
density, and efficiency calculated on four devices at voltage value
suitable for each typology of the investigated OLED structure.

The performances of the best corresponding reference devices
manufactured on glass are shown in Figure S1; the related parameters
are reported in Table S1 as mean values (+SD) calculated on four
devices of each typology.

The device based on SPW-111 (Dev1) shows maximum current
density of about 220 mA/cm? at about 18 V and maximum luminance
of about 45 cd/m?, reaching a very low current efficiency value. Dif-
ferent factors could contribute to these low performances: the low-
annealing temperature of the emitting polymer, the high-electron
injection barrier between the cathode and the emissive layer and the
susceptibility of the substrate to the solvent employed for the deposi-
tion of the emissive layer. Overall, the performances of the Dev1 are
comparable to that reported in literature for a device HC PEDOT:
PSS/Livilux/Ca/Ag on a commercial polyethylene naphthalate (PEN)
substrate.*®

On the other hand, the phosphorescent devices obtained by ther-
mal evaporation show very good electrical characteristics with a lumi-
nance of about 9000 cd/m? at 6 V and an efficiency of 14 cd/A for
the Dev2. For Dev3 the luminance and efficiency detected at 8 V are
about 430 cd/m? and 1 cd/A, respectively.

The electroluminescence spectra and the International Commis-
sion on lllumination (CIE) coordinates of all devices are reported in
Figure 3E,F and they correspond to those expected for the selected
emitting materials. This demonstrates that is possible to prepare
OLEDs on PLA substrates with different emission wavelengths both

TABLE 1  Average values (+SD) of
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by using solution-based deposition techniques and thermal
evaporation.

As shown in Figure S1 and Table S1, the performances of the
same devices fabricated on glass substrates are comparable to the
characteristics of the devices on PLA substrate. This result highlights
that the polymeric film is a good candidate as substrate for OLEDs

without affecting the electro-optical performances.

3.3 | Biocompatibility assay

The biocompatibility of the most performing devices (Dev2 and Dev3)
was evaluated by an in vitro assay comparing encapsulated with non
encapsulated devices. Devices were encapsulated by sealing the active
area with a cutout of PLA and by using a commercial UV-curable resin as
glue. A scheme of the encapsulated devices is reported in Figure 4. Of
course, since a simple PLA film is used both as substrate and encapsulat-
ing layer, it is not sufficient to ensure low-water vapor transmission rate
(WVTR) values suitable to guarantee a long lifetime to the devices.**™#”
In this work, the encapsulation is employed to test if the bare PLA film is
able to avoid the leaching of toxic substances from the devices to the
cellular media. The water permeability of PLA could be improved by
depositing encapsulating multilayer structures without affecting biocom-
patibility and flexibility.*8->1

The biocompatibility of pristine PLA substrate, PLA/glue/PLA
trilayer and PLA/single layer (namely, each OLED layer analyzed on
PLA) was also evaluated in order to understand the effect of each
device component and eventually assess which feature of the fabrica-
tion process has to be modified and/or improved.

All the obtained results are reported in Figure 5. As expected, the
pristine PLA is not toxic and shows a cell viability of about 80%, while
a slight reduced viability was observed when BJ fibroblasts were
seeded on the PLA/glue/PLA trilayer (about 60%). Such viability
reduction is imputable to the selected encapsulating glue, since the
PLA is a not toxic material. Non encapsulated OLEDs show a cell via-
bility of about 45%, while the same encapsulated devices are less
toxic (about 60% of cell viability). No toxicity effects were observed
for the single device layer onto the PLA substrate, with cell viability of
about 70% for PEDOT:PSS and higher than 90% for all others
(Figure 5C). The results show that the non encapsulated devices are
toxic, although the individual components are biocompatible, and it is
probably due to chemical reactions that occur between different
materials.

As for the encapsulated devices (Figure 5B), their toxicity is com-
parable to that observed for the PLA/glue/PLA trilayer, indicating that

. . Luminance (cd/m?) Current density (mA/cm?) Efficiency (cd/A)
luminance, current density and current
efficiency calculated on four devices for Devl 48r6@18V 210+19 @18V 0.018 £+0.004 @ 18 V
each typology of OLED devices (Dev1, Dev2 8810+402 @ 6V 69+9@6V 14+1@6V
Dev2, and Dev3) Dev3 398+ 47 @8V 35:8@8V 12+03@8V
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FIGURE 5 (A)Schematic illustration of MTT assay; (B) Cell viability assays of BJ fibroblasts seeded on different substrates and (C) on
different individual components and incubated for 48 h. Cell viability was expressed as a percentage relative to the untreated control cells (CTR).
Representative measurements of three independent experiments were reported (Student's t-test, p < 0.05)

such toxicity could be imputable only to the encapsulating glue and so 4 | CONCLUSIONS

the device does not release toxic substances to the culture medium

and then to the cells. Further studies could be focused on selecting In this study, we demonstrated the potential of the biocompatible and
the proper encapsulating glue to realize adhesive-bonded devices with biodegradable PLA to fabricate eco-sustainable substrates as an inno-
reduced toxicity.>? vative and green alternative to common polyester substrates for
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optoelectronic applications. Indeed, the use of “green” materials for
the fabrication of electronic devices is a research topic of great inter-
est whose main goals are the development of new bio-electronic
devices, the reduction of e-waste, and the decrease of carbon foot-
print of the electronic devices production process.

PLA substrates were fabricated by melt extrusion and show a uniform
surface morphology and high transmittance in the visible range, making
them suitable for the fabrication of OLED devices. ITO-free OLEDs were
obtained on top of the PLA substrates by using different stack architec-
tures, emitting materials and deposition techniques. During the device
manufacturing and the annealing phases, the temperature was always kept
below the glass transition temperature of the PLA in order to preserve the
multilayer structure of the device. In particular, the HC PEDOT:PSS anode
layer shows good electrical conductivity, comparable to that observed for
the same layer treated at high temperature. The most performing devices
are based on phosphorescent emitting materials (Ir(ppy)s and FIrPic)
deposited by thermal evaporation. Among them, Dev2 (HC PEDOT:PSS/
PEDOT:PSS/CBP:Ir(ppy)s/BPhen/BPhen:Cs/Ag) the best
device, exhibiting a luminance of about 9000 cd/m? and a current effi-
ciency of about 14 cd/Aat 6 V.

The biocompatibility assay of the devices demonstrated that PLA is

represents

a good candidate for the fabrication of bio-electronic devices, which can
be used also as encapsulation layer in order to reduce the device toxicity.

In this work, it was demonstrated that it is possible to obtain high per-
formance ITO-free OLEDs on top of the biocompatible and biodegradable
PLA film, and its high-temperature sensitivity does not represent a prohibi-
tive manufacturing feature. The reported results are very encouraging for

future studies aimed to develop new “green” electronic devices.
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