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Graphene shows great potential as a transparent conducting material (TCM) for organic light emitting
diodes (OLEDs), particularly in what concerns flexible devices. In this context, a lot of attention has been
dedicated to the optimization of the graphene electrodes, to improve their electrical conductivity while
maintaining high optical transparency. Moreover, for the development of flexible and sustainable
devices, the choice of an appropriate substrate is a critical task. Here, we describe, for the first time, the
development of OLEDs employing chemical vapour deposition (CVD) graphene anodes on cellulose
nanocrystal (CNC) membranes and cellulose rolling papers. These transparent biodegradable materials
provide a more environmentally conscious alternative to the conventional synthetic polymers commonly
used as flexible OLED substrates. By stacking multiple graphene layers on these cellulose-based
substrates, followed by the evaporation of MoOs, we improve the electrical conductivity of graphene,
allowing us to fabricate third generation solution processed OLEDs, with external quantum efficiencies
(EQE) of up to 0.34% and maximum brightness reaching ~400 cd m~2. This proof-of-concept
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demonstration paves the way for novel environmentally friendly flexible OLEDs, realizing the synergic
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1. Introduction

One of the opportunities offered by organic light emitting
diodes (OLEDs) concerns flexible displays, highlighted, for
example, by the recent emergence of foldable and bendable
smartphones.” This requires two particularly important ele-
ments: a flexible substrate and compatible electrodes. Concern-
ing the substrate, synthetic polymers such as polyethylene
terephthalate (PET) are the most commonly used ones, but
their non-biodegradable nature goes against the ongoing
efforts to lessen the environmental impact of the e-waste
produced by the disposal of consumer electronics.’

In this context, cellulose-based substrates are a possible
sustainable alternative, since it is an abundant natural biopo-
lymer. Cellulose is at the basis of paper, a cheap, versatile
material which continues to find new applications, ranging
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potential of both graphene and cellulose-based materials.

from transistors®® to physical®® and biochemical®'® sensors.

Importantly, paper and many other cellulose-based materials
are biodegradable, avoiding the environmental issues typically
associated with the final stages of a product’s lifecycle. Despite
these attractive qualities, only a handful of reports on OLEDs
supported exclusively by cellulose exist, none of which use
graphene electrodes.* ™"

The other element of great importance for flexible OLEDs is
the transparent conductive material (TCM) which allows the
light to be extracted from the device."* Any such material must
combine good electrical conductivity with high optical trans-
parency, with the added requirement of being able to withstand
deformations such as bending without losing its performance.
The most commonly used TCM, indium-doped tin oxide (ITO),
tends to come short of this requirement due to its brittleness.*®
Moreover, ITO is facing growing problems regarding its high cost
and dwindling natural reserves.”” One of the most promising
candidates to assume ITO’s role as the preferred TCM in OLEDs
and other devices is graphene.'®"” Presenting a unique combi-
nation of excellent electronic properties,'® high optical transpar-
ency across the entire visible range'® and remarkable mechanical
characteristics,* the use of graphene as a TCM enables to tackle
known issues in this field, while simultaneously opening the door
to entirely new concepts. In addition, despite the electrical con-
ductivity of single-layer graphene tending to be considerably
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higher than that of ITO, there are many examples in the literature
of high-performing OLEDs with graphene electrodes where a
number of different strategies, such as charge transfer doping
and multiple layer stacking, were employed to overcome graphe-
ne’s shortcomings.>' >’

Taking into account these key issues, in this work we present a
proof-of-concept demonstration of flexible OLEDs employing a
graphene anode on two different cellulose-based substrates: trans-
parent regenerated cellulose rolling paper and nanocrystalline
cellulose (CNC) membranes. We focus on the development of the
graphene anode, describing its synthesis by chemical vapour
deposition (CVD) and transfer to achieve multiple stacked graphene
layers. We also cover the doping of this transparent anode. Finally,
we showcase OLEDs both on quartz and cellulose-based substrates,
highlighting the challenges in the transition to the latter, along with
the techniques employed to overcome these challenges.

2. Experimental

2.1. Single-layer CVD graphene synthesis

Single-layer graphene was deposited, by chemical vapour
deposition, on 25 pm-thick copper foil (>99.99%, MTI) cut
into ~3 x 7 cm? sheets and washed in acetone and isopropanol
(15 min ultrasonication in each of the solvents). Based on the
previously reported CVD process,”® the substrate was placed inside
the thermal CVD chamber (a quartz tube) and annealed at 950 °C
for 10 min, under 190 sccm of H, and 190 scem of Ar, at 276 mbar.
Afterwards, the chamber was pumped down to ~0.13 mbar and
~200 sccm of air was introduced, for 5 min, while being con-
tinuously pumped out. Next, the system was pumped down once
again and 50 sccm of H, were fed into the chamber, for 20 min,
still under continuous pumping. The gas flow was then inter-
rupted, and the system pressure allowed to drop to its lowest value.
Afterwards, H, and Ar (both at 190 sccm) were introduced into the
chamber, while the temperature was increased to 1090 °C, at a
25 °C min ' rate (we note that the temperature was being
measured by thermocouples just outside the quartz tube, present-
ing an offset relative to the actual temperature of the substrate; the
1090 °C growth temperature was chosen so that the copper
substrate would be as close as possible to its melting point). This
was followed by a 10 min annealing at 1090 °C in the same
atmosphere, and the pressure during these two steps was allowed
to rise to 276 mbar and then maintained at this value. Starting the
growth phase, CH, was introduced into the chamber, alongside 38
scem of H, and 200 scem of Ar. The flowrate of CH, was 0.15 sccm
for the first 6 min, then cut to 0 sccm for 1 min and finally 0.10
scem for the last 40 min (see Fig. 1a). At the end, the sample was
rapidly pulled out towards the cold end of the reactor and all the
gases were pumped out, followed by the pressurization of the
chamber to atmospheric pressure with Ar.

2.2. CVD graphene transfer

The graphene was transferred by the well-established electro-
chemical bubbling approach, using poly(methyl methacrylate)
(PMMA, average molecular weight 550 000 g mol ", Alfa Aesar,
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Fig. 1 (a) Schematic representation of the CVD process to synthesize
single-layer graphene (SLG) films. (b) Representative Raman spectrum of
the obtained SLG film. (c) SE-SEM image of the SLG film. (d) and (e) SE-SEM
images of the secondary layers occasionally seen on the SLG films.

4.5 wt% in anisole) as a supporting polymer. Briefly, the PMMA
was spin coated onto the as-grown graphene on copper, resulting
in a ~300 nm thick film. Then, the sample was placed in an
aqueous solution of NaCl (~6.5-7 mg mL™ "), and a voltage of
—4 V was applied to it, leading to the formation of hydrogen
bubbles at the Cu/graphene interface and allowing to separate
them. The floating graphene + PMMA film was then passed
through two DI water baths (~5 min each), to wash away any
NaCl. The stacking of multiple graphene layers was performed by
two different strategies. In the “layering” transfer, each graphene
layer was scooped out of the last washing bath and transferred
onto the target substrate, followed by the removal of the support-
ing PMMA layer. This was repeated multiple times, in succession,
removing the PMMA after each individual transfer (see Fig. 2a). In
the “stack” transfer, the graphene layers were transferred onto a
copper substrate with its own graphene film, “picking up” the
latter and thus adding it to the stack. Then, after reaching the
desired number of layers, the stack was transferred onto the target
substrate, concluding with the removal of the PMMA layer (see
Fig. 2b). Specifically in the case of flexible OLEDs, after separating
the graphene stack from the last copper substrate, it was scooped
out of the water using a PTFE plate. After placing the cellulose-
based target substrate, briefly wetted in water, on top of this plate
(covering the graphene + PMMA) and letting the entire assembly
dry, the latter adhered to the target substrate.

2.3. Cellulose-based substrate preparation

The free-standing cellulose nanocrystal membranes were pre-
pared from 2 wt% suspensions without phase separation of
commercial Na neutralized spray-dried CNCs (provided by Cel-
luForce©) in H,O, by evaporation-assisted assembly at room
temperature. To this end, these dispersions were further diluted
(3 g of CNCs suspension in 5 g of H,O for each membrane) and
poured into polystyrene Petri dishes (5 cm diameter), resulting
in membranes which can be easily separated from the dish after
evaporation, becoming completely free-standing. The resulting
membranes presented a thickness of approximately 15-25 pm.

For the transparent regenerated cellulose cigarette rolling
papers the brand “aLedinha”, by aLeda, was used. The thick-
ness of these papers was measured at ~18 pm.

This journal is © The Royal Society of Chemistry 2025
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(a) Schematic representation of the “layering” transfer approach, where each graphene layer is transferred onto the target substrate, and (b) the

“stack” transfer, where each additional layer of graphene is “picked up” from its catalytic Cu substrate by the previous layers and then, once complete, the
entire multilayer stack is transferred to the target substrate. (c) Optical transmittance spectra of single, double and three-layer graphene (by both transfer
approaches), and of three-layer graphene after evaporation of 15 nm of MoOs. (d) The evolution of the optical transmittance at 550 nm with each
additional graphene layer and after MoOs evaporation (15 nm). The error bars represent the standard deviation for several equivalent samples. (e) Sheet
resistance of samples with different number of graphene layers, as well as after evaporation of 15 nm of MoOs.

2.4. OLED fabrication

The OLED structure was based on the host:guest concept, with a
reduced number of organic layers. On top of the graphene anode,
a thin (15 nm, with other thicknesses also explored in this work)
layer of MoO; was deposited by thermal evaporation under high
vacuum (10 °-10® mbar), at relatively low evaporation rates
(1 A s7"), in order to guarantee a uniform interface with
graphene. The device active layer was deposited by spin coating
(solution statically dispensed) at 2000 rpm for 30 seconds, after
filtering the solution with a 0.1 pm polytetrafluoroethylene
filter and drying in the glovebox at 80 °C for 30 min. For the
active layer solution, a blend composed of (PVK: mCP) (0.7: 0.3;
92 wt%):TXO-TPA (8 wt%), where the PVK (poly(N-
vinylcarbazole)) and mCP (1,3-bis(N-carbazolyl)benzene) are
the host constituents and the TXO-TPA (2-(4(diphenylamino)-
phenyl)-10,10-dioxide-9H-thioxanthen-9-one) is the guest, a
TADF (thermally activated delayed fluorescent) emitter. The
materials were solubilized in chlorobenzene (10 mg mL™", for
host and guest, independently) and then mixed in order to
achieve the above-mentioned concentrations in the host:guest
matrix. After the deposition of the active layer, the electron
transport layer of TPBi (2,2',2”-(1,3,5-Benzinetriyl)-tris(1-
phenyl-1-H-benzimidazole)) with a thickness of 40 nm was
thermally evaporated in the same conditions of the molybde-
num oxide. Finally, a 10 nm layer of Ca was evaporated, at an
evaporation rate of 1 As™", followed by a thick (100 nm) layer of
Al, evaporated at 2 A s™'. Ca presents a favourable match
between the cathode work function and the LUMO level of
TPBi, while Al was used to avoid the typically fast Ca oxidation
(in the latter). The active areas of the devices were around

This journal is © The Royal Society of Chemistry 2025

7-9 mm?” for the rigid OLEDs and 2-4 mm?® for the flexible ones,
the latter being smaller due to the increased handling difficul-
ties when transferring graphene onto such substrates.

2.5. Material and device characterization

Secondary electron scanning electron microscopy (SE-SEM)
images were acquired using a Vega 3 SBH system by TESCAN,
with an acceleration voltage of 5 kV and a working distance of
15 mm. Raman spectroscopy was performed using a Jobin Yvon
HR800 Raman system, by Horiba, and a He-Cd 441.6 nm laser
by Kimmon. Sheet resistance measurements were performed
by the van der Pauw method, using a Keysight B2902A dual-
channel source meter unit and a computer-controlled multi-
plexer. Transmittance and reflectance spectra were acquired
using a Shimadzu UV-3600 UV-vis-NIR spectrophotometer. AFM
measurements were performed with a PARK XE7 atomic force
microscope, in non-contact mode, with a PPP-NCHR standard
non-contact tapping mode AFM probe. The probe had a stan-
dard beam shaped cantilever with a 30 nm thick reflex alumi-
nium coating. The cantilever had a force constant of 42 N m ™,
length of 125 pm, width of 30 pm and thickness of 4 pm. The
selected frequency for measurement was 304 kHz. The probe
radius was <10 nm.

The current density-voltage-luminance (/-V-L) characteris-
tics were determined using a Keithley 2425 source meter
unit and a Konica Minolta LS-100 Chromameter. For the
electroluminescence spectra measurements, an Ocean Optics
USB4000 spectrometer was used. The OLED efficiencies were
calculated considering that the emission follows a Lambertian
emitter.
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3. Results and discussion

3.1. CVD graphene transparent electrodes

Before considering any application of CVD graphene it is
important to achieve good control over its synthesis. Here,
characteristics such as number of layers, nucleation density
and uniformity are the most important ones, as they have a
direct influence on graphene’s properties. In a previous work
we demonstrated that the nucleation density and the presence
of secondary layers (adlayers) depend, among other variables,
on the carbon impurities present in the copper substrate.*® To
overcome this, an in situ oxidation/reduction treatment of the
substrate was performed prior to the regular CVD process, by
allowing air inside the reaction chamber at high temperature,
followed by a reduction in H, atmosphere. This, aided by other
tweaks to the growth recipe (Fig. 1a), resulted in the formation
of millimeter-sized, sparsely distributed hexagonal graphene
domains with improved charge carrier mobility. For this work,
this growth recipe was adapted in order to achieve complete
coverage of the substrate by promoting the coalescence of the
individual graphene domains, at the expense of a slightly
higher nucleation density (and, consequently, higher density
of grain boundaries). The Raman spectra (with a representative
one, this time on a fused silica substrate, in Fig. 1b) reveal
additional information about the obtained material. The sharp
and narrow G and 2D peaks, with a high intensity ratio of
ILp/lg ~ 2, are typical of single-layer graphene (SLG). Moreover,
the absence of the D peak (typically at 1370 cm™" for 442 nm
excitation wavelength) is indicative of the absence of defects in
its crystalline structure. As for the microscopic morphology of
this material, secondary electron scanning electron microscopy
(SE-SEM) images (Fig. 1c) reveal a mostly uniform film with
some wrinkles, which are typical in CVD grown graphene.>
Some small white features can also be observed, attributed to
silicates, which are known to occur during CVD of graphene
due to the silica contamination from the quartz walls of CVD
reactors.”®*" Occasionally, some secondary layers can also be
seen across the samples, due to their darker contrast relative to
the underlying film. These usually assume either a flower-like
shape (Fig. 1d), referencing the six-fold symmetry of the gra-
phene domains, or a more dendritic form, with further adlayers
in the middle (Fig. 1e). Importantly, these secondary layers are
sporadic, as can be seen at low magnifications (Fig. S1, ESI).

A good transparent conductive material should combine low
electrical resistance with high optical transparency. In the case
of one of the most used TCMs, ITO, the sheet resistance is
typically ~10 Q sq~',"” while its transmittance at 550 nm (the
typically employed reference wavelength, roughly corres-
ponding to the region of highest sensitivity of the human eye
to visible light) is around 90%."” Single-layer CVD graphene
typically presents a much larger sheet resistance (500-
1000 Q sq ), but benefits from higher optical transparency,
showing a mostly flat absorption of ~2.3% in the visible part of
the spectrum.'® As such, a commonly employed strategy to
produce CVD graphene-based transparent electrodes capable of
competing with ITO is to stack, by successive transfers,
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multiple graphene layers (usually 3 or 4) on top of each other.
Additionally, in many cases the graphene must be doped,
typically by charge transfer approaches.****” This is done not
only to further reduce the sheet resistance of this TCM, but also,
in the case of OLED applications, to change the work function of
graphene and thus ensure better charge injection into the
device, through a more favourable energy level alignment.

Here, we performed the stacking of three graphene layers by
two different strategies, followed by thermal evaporation of MoO;,
which is known to induce p-type doping in graphene.*®*° In the
first transfer approach (the “layering” transfer), each graphene
layer is transferred onto the target substrate in succession, after
the PMMA support layer from the previous transfer is removed
(Fig. 2a). The second approach (the “stack” transfer) consists in
transferring the graphene layers onto a copper substrate where
another graphene film was grown and then, once a three-layer
stack is complete, transferring it to the target substrate (Fig. 2b).
This strategy has the advantage of requiring only one PMMA
support layer throughout the entire process, reducing the transfer
time and avoiding the trapping of PMMA residues between the
graphene layers.

The effect of each additional layer, transferred by the
“layering” approach, on the optical transmittance of the result-
ing graphene TCM is shown in Fig. 2¢ (blue lines). As can be
seen, the overall transparency decreases with each additional
layer (Fig. 2d). Additionally, a transmittance spectrum corres-
ponding to a three-layer sample obtained by the “stack”
transfer is presented (yellow line in Fig. 2¢), and, interestingly,
its transparency is slightly lower than for the three-layer sample
obtained by the “layering” approach. This can be explained by a
higher density of holes and tears in the ‘“layering” films, as in
this case we expect more impurities to be trapped between the
layers, compromising the structural integrity of the films.
Finally, after the evaporation of 15 nm of MoO; on top of a
three-layer sample obtained by the “stack” transfer approach,
there is a very small decrease in the transmittance (dashed
yellow line in Fig. 2c). Importantly, its value is 92.7% at 550 nm,
which is above the typical requirement of 90% for TCMs, and
no new features can be seen in the spectrum (Fig. 2d).

Fig. 2e shows the evolution of the sheet resistance of various
equivalent samples for different numbers of layers (both trans-
fer approaches are included), as well as after the evaporation of
a 15 nm thick layer of MoOj; on top of the three-layer graphene
“stack” films. While there is a fairly large spread of sheet
resistance (Rg) values, a clear trend can be seen as the average
Rg decreases from 713 to 375 Q sq . Furthermore, the doping
effect of the evaporated MoO; layer can be confirmed, as Rs
decreases from 375 to 288 Q sq ! after the evaporation. This
agrees well with previous reports of MoO; evaporation on top of
graphene as p-doping agent.** The large difference between
graphene and MoO; the work functions (¢(graphene) = 4.2 -
4.5 eV and ¢(MoO;) ~ 6.7 eV) creates a charge transfer state
from graphene to MoOj layer, due to its high electron affinity.
This transfer promotes the graphene’s Fermi level alignment
with the MoOj’s conduction band edge, shifting the graphene’s
Fermi level close to the oxide’s valence band. As a consequence

This journal is © The Royal Society of Chemistry 2025
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of that, a better match of energy levels required for hole
injection (5.3 eV) is created. Besides that, this charge transfer
process decreases the graphene sheet resistance, as we experi-
mentally observed. It is also important to highlight that while
the sheet resistance typically obtained for ITO on rigid sub-
strates is considerably lower, the relevant comparison is with
thin ITO films on flexible substrates, where the lower thickness
of the films increases the sheet resistance. The values obtained
here are sufficiently low to enable the operation of OLEDs, as is
discussed below.

3.2. Thermally activated delayed fluorescence OLEDs
on Quartz

Next, we employed the graphene films obtained by “stack”
transfer (as this approach is faster and results in fewer PMMA
residues) and MoO; doping as anodes in thermally activated
delayed fluorescence (TADF) OLEDs on quartz substrates. The
effect of varying thickness of MoO; (10, 15, 20 and 30 nm) on
the performance of the devices was evaluated. The chosen
emitter was the yellow-orange TADF 2-(4(diphenylamino)phenyl)-
10,10-dioxide-9H-thioxanthen-9-one (TXO-TPA) in a solution-
processable host mixture of poly(N-vinylcarbazole) and 1,3-
bis(N-carbazolyl)benzene (PVK:mCP). This enables a device
structure with reduced complexity (Fig. 3a), as the chosen host
can efficiently transfer the electrical charge to the emitter
(guest), while also allowing (due to the mixed effect of both
PVK and mCP) a better balance of electron and hole mobilities.
The emissive layer (EML) was spin coated on top of the
thermally evaporated MoO;, followed by further evaporation
of 40 nm of 2,2',2"-(1,3,5-benzinetriyl)-tris(1-phenyl-1-H-benzimi-
dazole) (TPBi) electron transport layer (ETL), with an electron
mobility in the range of 3.3-8 x 107> em® V' s .*° The device
was completed by an anode consisting of thermally evaporated Ca
(10 nm) and Al (100 nm). The entire structure of the OLED can be
summarized as quartz/graphene (3 layers)/MoO; (different thick-
nesses)/PVK:mCP:TXO-TPA ( ~ 50 nm)/TPBi (40 nm)/Ca (10 nm)/Al
(100 nm). As such, the OLEDs have only two organic layers.

Fig. 3b shows the current density and luminance of the
OLEDs as a function of voltage (a photograph of one of these
devices can be seen in Fig. S2, ESIt). As can be seen, all the
devices show a turn-on voltage of 3 V, except for the one with
10 nm of MoO; (3.5 V). This indicates that the increase in the
thickness of MoO; does not significantly increase the energy
barrier for the injection of holes, meaning that the energy band
alignment (and, consequently, the graphene doping) does not
change with the thickness of MoOj; (within the range explored
here). Moreover, this turn-on voltage is slightly lower than the
ones reported previously for devices employing ITO/PEDOT:PSS
anodes.”’ As the work function of MoO; is usually larger
compared to PEDOT:PSS,** the energy barrier for hole injection
into HOMO level of the host:guest matrix is slightly lower in our
devices, justifying the lower turn-on voltage (3 V). As for the
brightness, the device with 15 nm of MoO; achieves the highest
value (Lmax = 920 cd m™?), which is fairly stable over a
wide range of voltages. The current density, however, increases
steadily, ultimately resulting in an external quantum efficiency

This journal is © The Royal Society of Chemistry 2025
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Fig. 3 (a) Schematic representation of the OLED structure on quartz

substrates. Different thicknesses of MoOsz were explored (x = 10, 15, 20
and 30 nm). (b) Current density and brightness of the OLEDs with different
thicknesses of MoOs, as a function of applied voltage. (c) Current (5¢),
power (np) and external quantum efficiencies of OLEDs with different
thicknesses of MoOs, as a function of brightness. (d) Current density versus
voltage of OLEDs with different thicknesses of MoQOs, fitted to the space
charge current limit (SCLC) model.

(EQE) that drops progressively (as a function of brightness)
from the maximum value of 1.20% (L = 221 cd m ™ >@5.5 V) to
0.53% (Limax@10.5 V), exhibiting roll-off losses of about 50%
(Fig. 3¢). This data is not surprising in OLEDs employing TXO-
TPA emitter and can be related to some possible triplet-triplet
annihilation (TTA), as previously indicated.”’ Larger thick-
nesses of MoOj; achieve lower EQE values (<1%), with strong
oscillations in their brightness curves. This might be caused
by the morphology of the oxide layer, with an increase in the
density of defects for larger thicknesses. In order to understand
the impact of MoO; thickness on the charge carrier transport in
quartz-supported OLEDs, we can make an analysis under the
space-charge-limited current (SCLC) model in the j-V data
(Fig. 3d), according to the Child’s law:*
2
JscLe = gwoﬂsac% (1)

where Jscic is the current density in the space-charge domain,
& the relative dielectric constant of the emissive layer, ¢, the
free-space permittivity, uscrc the electrical mobility under SCLC
conditions, L the organic layer thickness (~90 nm) and V the
applied voltage. The SCLC physical model can be applied after
the devices undergo the trap-filling process (J oc V* with n > 2),
where electronic energy levels acting as traps for electrical
charges become completely filled. It is well known that the
Child’s law can be applied to obtain the charge-carrier mobility
when only one type of charge-carrier drifts along the device
(electron- or hole-only device).** However, an estimate of the
global electrical mobility could be achieved by applying this law
in an OLED, despite its bipolar electrical nature.***® In this
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sense, electrical mobility is ruled by the minority charge-
carriers in the device bulk, that, in our case, will be the
electrons, following the known data about the different organic
materials employed in the device.”” The electrical mobility for
each OLED changes with increasing MoOj; thickness, following
the sequence: f(zonm) = 1.43 X 107° > fonm) = 1.27 x 107° >
Hasnm) = 1.22 X 107° > fponm) = 9.95 x 1077 em® V' s™h,
Looking at these electrical mobility values, the SCLC goodness
of fit, quality of J, L x V curves and correlating with the
performance of the OLEDs (Fig. 3), we chose the MoO; thick-
ness of 15 nm for the flexible cellulose-supported OLEDs that
are discussed further below.

3.3. Cellulose-based substrates for OLEDs

For the flexible OLEDs we explored two cellulose-based sub-
strates: cellulose nanocrystal (CNC) membranes and commer-
cial transparent cigarette rolling papers. Besides being
naturally derived and biodegradable, both substrates possess
additional advantages that make them well suited as ESIt for
environmentally friendly OLEDs. The CNC membranes, thanks
to the nanometric size and packing of the cellulose crystals,
allow to obtain very low surface roughness (nanometer range),
while conventional paper presents values in the micrometer
range.’® Moreover, under the proper drying conditions, CNC
substrates are able to self-organize in chiral structures that may
present very interesting optical properties, such as structural
colour, a photonic bandgap, and, due to intrinsic left-
handedness of such structures, the capability of interacting
selectively with left and right circular polarized light. This,
however, is dependent on the used phase, and thus requires
phase separation of the CNC aqueous suspension before the
preparation of the membranes. The CNC substrates used here

View Article Online
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were produced with a mixture of anisotropic and isotropic
phases. As for the rolling papers, these are made from cello-
phane and glycerine, not only possessing relatively high
smoothness, but also being extremely transparent and flexible.
Fig. 4a shows transmittance spectra of CNC and rolling paper
used in this work (where it should be noted that both substrates
have similar thicknesses, with CNC in the range of 15-25 um
and rolling paper at ~18 pm). The CNC membrane has
decreased transmittance at ~550 nm. This is due to the
photonic bandgap of this material.*>*° The rolling paper, on
the other hand, shows a good transmittance over the entire
visible wavelength range. Additionally, to confirm that the
surface morphology of these cellulose-based substrates is sui-
table for OLED applications, we performed atomic force micro-
scopy measurements (Fig. 4b and c). The CNC membrane had a
root mean square (rms) surface roughness of ~13 nm, while
for the rolling paper the value was ~ 15 nm. In the case of the
rolling paper, one can see a granular morphology, with small
particles on the surface which may originate from either the
manufacturing process or from environmental contaminations
(they are not, however, visible by scanning electron microscopy,
Fig. S3, ESIt). These may be detrimental, as they can cause
short-circuits between the anode and the cathode. Nonetheless,
both materials show a surface roughness low enough for OLED
applications. To evaluate the suitability of cellulose membranes
as substrates for supporting graphene electrodes in optoelec-
tronic applications, AFM images of CNC/PMMA/graphene sam-
ples were obtained (Fig. S4, ESIT). The images reveal a surface
roughness comparable in magnitude to that observed for the
CNC membrane (~12.44 + 4.37 nm). These results confirm
that cellulose-based substrates can be effectively utilized as
supports for lighting devices.
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To reduce the exposure of these substrates to water, which
can result in uneven swelling (or, in the case of CNC, complete
breakdown of the membrane), we modified the typical wet
transfer process of graphene (Fig. 4d). The “stack” approach
was taken as the starting point, as it has the advantage of
introducing the substrate only at the very end of the process.
After the electrochemical delamination of the three-layer gra-
phene, previously cut in the shape of a narrow conductive track
(~2-3 mm wide), the graphene + PMMA film is scooped out
with a polytetrafluoroethylene (PTFE) plate. Immediately after,
the target substrate (either CNC or rolling paper) is briefly wet
in water and placed on top of the PTFE plate, covering the
graphene. The entire assembly is then left to dry in air, in
ambient conditions. Finally, once dried, the cellulose-based
substrate is removed from the PTFE, with the graphene +
PMMA sticking to the substrate (as the adhesion of graphene
to PTFE is very low). This results in a substrate + PMMA +
graphene stack, which can then move on to the MoO;
deposition stage.

3.4. Flexible OLEDs on cellulose-based substrates

The flexible OLEDs were fabricated with the following struc-
ture: cellulose substrate/PMMA/graphene (3 layers)/MoO;
(15 nm)/PVK:mCP:TXO-TPA (~50 nm)/TPBi (40 nm)/Ca
(10 nm)/Al (100 nm) (Fig. 5a). OLEDs made on both types of
substrates (designated as CNC-OLED and RP-OLED, for CNC
and rolling paper substrates, respectively) show visible light
emission under applied voltage, as seen in Fig. 5b for RP-OLED,
which continues to operate even under fairly extreme bending
and twisting. In contrast, the CNC-OLED (Fig. S5, ESIt), while
allowing some degree of flexibility, is far more brittle. Fig. 5c
shows representative electroluminescence spectra of the
obtained OLEDs. In both cases, the maximum of electrolumi-
nescence spectra is near 560 nm, characteristic of TXO-TPA,
with a small band at ~400 nm, corresponding to the PVK host.
The latter is particularly common when the energy (electrical
carriers) transfer from the host to the guest is not achieved
completely.”” Fig. 5d shows the current density and brightness
of CNC-OLED and RP-OLED as a function of voltage. Similar to
the devices on quartz, the turn-on voltage is around 3 V,
indicating that the energy levels are still well aligned, indepen-
dently of the substrate. The maximum brightness of RP-OLED,
at ~400 cd m~?, is four times larger than that of CNC-OLED
(~100 cd m™~?). Moreover, the current density of RP-OLED is
also larger than for CNC-OLED at the same brightness. As such,
the maximum current and power efficiencies are higher for
RP-OLED, at 0.4 cd A™' and 0.3 Im W™, respectively (versus
0.2 cd A™' and 0.2 Im W™ for CNC-OLED), as seen in Fig. 5e.
The EQE is also higher for RP-OLED, with a value of 0.34%
(versus 0.17% for CNC-OLED). We also note the earlier onset of
efficiency roll-off for CNC-OLED (Fig. 5f).

We begin the analysis of these devices by exploring the
charge-carrier transport features in shallow- and deep-trap
SCLC behaviour, as well as after the trap-filling process (Child’s
law) (Fig. 5g). Charge-carrier mobility from Child’s model
suffers a direct impact of densities of trap defects (N;) and

This journal is © The Royal Society of Chemistry 2025
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cellulose-based substrates. (b) Photographs of RP-OLED emitting light,
even under considerable bending. (c) Electroluminescence spectra of
CNC-OLED and RP-OLED. (d) Current density and brightness of the
OLEDs on cellulose-based substrate, as a function of applied voltage.
(e) Current (5c), power (np) and external quantum efficiencies of the
cellulose-supported OLEDs and (f) their efficiency roll-off, as a function
of brightness. (g) Current density versus voltage of CNC-OLED and RP-
OLED, fitted to the SCLC model, where CL corresponds to the Child's law
regime and J oc V" to the Mark-Helfrich domain, with the Mott-Gurney
regime at low voltages.

free-carriers (n,), during the trap-filling process (Mott-Gurney
model).>" Taking into account this characteristic, eqn (1) can be
rewritten in terms of the effective mobility (uesr):

9 1
JscLc = geréokerr 5 (2)

where e = OoiscLc, and 6, is the density of trap defects
parameter, which is the ratio of the density of free-carriers
and the total density of charge carriers:
no

—
0 n()—"N{

(3)
In this context, the obtained effective electrical
mobilities for RP and CNC-OLEDs are 3.14 x 10 ° and 3.85 x
10 em® V' 577, respectively. It should be noted that, in the
whole device, we are calculating the electrical mobility of the
slowest electrical carrier (that, in almost all of the organic
materials employed in these OLEDs, is the electron). On the
other hand, electrical mobilities after the trap-filling process
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(under Child’s law domain) have values about 10° times higher
than the ones under shallow-trap SCLC conditions, with
tscLe(RP) = 5.11 x 10 ° em® V7' s and pgero(CNC) = 4.16 x
10% em® v ' s, Thus, the density of trap defects parameters
(6,) for RP and CNC are 6.14 x 10* and 9.25 x 107%
respectively. Applying Mark-Helfrich’s equation,®” in the deep-
trap filling behaviour (between shallow-trap and Child’s law
domain) to calculate the average energy of trap-states (E,) for
each OLED, we obtain E(RP) = 280 meV and E,(CNC) = 252 meV.
These values are similar and typical of shallow defects.

The voltage where the Mott-Gurney regime transitions into
the Mark-Helfrich domain, designated as the trap-filling limit
voltage (Vrpr), allows to obtain the total density of trap defects
(M) by combining the equations corresponding to these two
domains:

2
VreL = : 4)

where g is the elementary electrical charge. Both OLEDs exhibit
almost the same values of N, 1.00 x 10'” and 1.02 x 10"” ecm™?
for RP-OLED and CNC-OLED, respectively. This is not surpris-
ing, as the device structure and fabrication process are similar.
When we combine eqn (3) with eqn (4) and calculate the total
density of free charge-carriers for both RP-OLED and CNC-
OLED, it is possible to observe that the main difference
between each device charge-carrier transport and recombina-
tion is related to their n, values: 6.17 x 10 and 9.46 x
10 cm™?, respectively. As the trap densities are almost equal,
and the density of free charge carriers is actually higher for
CNC-OLED compared to RP-OLED, we can speculate that one of
the reasons behind the worse performance of CNC-OLED might
be that the electrical charge carrier densities injected at the
anode are different for the two substrates. This could be due to
the different densities of interfacial defects at the anode layer,
induced by morphological differences in the substrates.

At the same time, one cannot disregard the effect of the
optical outcoupling, which, considering the transmittance
spectra of both substrates (Fig. 4a), could be expected to be
better in RP-OLEDs compared to CNC-OLEDs. However, there
might be a possible underestimation of the brightness due to
the photonic bandgap reflection in the CNC, which can result
in a deviation from the Lambertian emission profile. If the
photons reflected in this substrate are emitted at an angle away
from the normal direction (used for brightness measurement
in this work), the total measured brightness will be under-
estimated. In this hypothesis, the CNC-OLED figures of merit
would be slightly better than the ones that we obtain here. On
the other hand, if there is total internal reflection, photon loss
is expected, justifying the lower performance of CNC-OLED.

4. Conclusions

We explored the use of CVD graphene in flexible OLEDs on
cellulose nanocrystal membranes and transparent rolling
papers. The graphene anodes, with a sheet resistance of
288 Q sq ', were obtained using an optimized CVD recipe,
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multiple layer stacking and charge transfer doping by MoOj;.
The effect of the MoO; thickness on the performance of
solution processed TADF OLEDs was also investigated, with a
film of 15 nm resulting in the best performing device in terms
of stability of maximum brightness. Finally, we applied these
findings to fabricate cellulose-supported OLEDs, after appro-
priate adaptations of the graphene transfer process to these
water-sensitive substrates. Despite the modest external quan-
tum efficiencies, as well as low current and power efficiencies
(0.34%, 0.4 cd A™' and 0.3 Im W', respectively, in the best
case), these devices demonstrate for the first time the com-
bined potential of graphene and cellulose-based substrates for
flexible environmentally conscious optoelectronic applications.
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