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ABSTRACT: Organic light-emitting diodes (OLED) fabri-
cated from all “natural” materials will lead to renewable,
sustainable, and potentially inexpensive organic optoelec-
tronics. Achieving this goal will require reimagining all the
various aspects of the OLED with natural-based renewable
materials. Here, we replace the common substrate, electrode,
and hole injection layer in the OLED structure with cellulose,
gold, and the DNA nucleobase adenine. Gold films are used as
semitransparent electrodes on plant-based cellulose substrates,
providing flexible anodes that are highly conductive without
annealing. A lift-off fabrication method (template stripping)
employed UV curable epoxy to transfer patterned gold from silicon to cellulose. The gold has excellent adhesion to the epoxy (is
not damaged when wiped), and the two serve as a smoothing layer for the cellulose substrate, resulting in very uniform OLED
emission. DNA and DNA nucleobases are demonstrating to be versatile materials in natural electronics due to their wide energy
level range. We found that adenine as a hole injection layer on gold can overcome challenges of charge injection into the organic
semiconductors, increasing OLED maximum luminance and emission efficiency 4−5× on both glass and cellulose substrates
through increases in current (hole injection): on glass, from ∼12500 to 45000 cd/m2 and from 5 to ∼32 cd/A; on cellulose, from
∼2000 to 8400 cd/m2 and from 3 to ∼14 cd/A. These results expand the utility of the DNA bases for naturally based electronics
and demonstrate practical methods to integrate cellulose as a biodegradable substrate.
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Natural electronics (bioelectronics) envision a future of
organic electronic devices (OLEDs, OFETs, OPVs)

composed entirely (or primarily) of naturally occurring
materials.1,2 Organic electronics that are “all natural” would
originate from renewable and inexpensive biological sources
and would allow for low-cost, high-volume, expendable
electronic devices. Additionally, natural electronics would be
biodegradable, nontoxic, and encourage environmental stew-
ardship and sustainability. An OLED comprised entirely of
natural materials is unlikely in the near term, but considering
that the harvest is plentiful for materials with intrinsically fine-
tuned properties,3 it may not be a matter of creating the perfect
organic semiconductors and other components as much as
finding them. Even though natural electronics is a nascent field,
an all-natural OFET (except for the metal electrodes) made
from common household ingredients has already been
demonstrated,4 a powerful motivation to pursue other natural
electronic devices, such as the OLED.
OLEDs require multiple layers with precise electronic

properties that block, inject, transport, and recombine holes/
electrons to emit light. A formidable task lies ahead to find
naturally based materials that serve in each of those roles. DNA
has been the main biomaterial available to OLEDs,5 while a few
other materials, such as silk6,7 as a transparent substrate, have
occasionally been explored. DNA has been primarily utilized as
an electron-blocking layer to increase device efficiency and
luminance.8,9 Our previous work10,11 in natural-based OLEDs

has shown that the nucleic acid bases (nucleobases) contained
in the DNA biopolymer are a versatile set of materials for the
OLED for several reasons: wide range of energy levels,12 readily
thermally evaporated, require no additional modification. The
diversity in properties of the nucleobases not only enhance the
OLED performance, as in previous DNA-based OLEDs, but
replace two primary OLED layers, the electron blocking layer
(EBL) and the hole blocking layer (HBL), to pave the way
toward an OLED derived entirely from natural or nature-
inspired materials. To continue the work in all-natural OLEDs,
we have focused on replacing the archetypical substrate/
electrode (glass/ITO) with natural materials: plant-based paper
was used as the substrate, gold was used a semitransparent
electrode, and the DNA base adenine (C5H5N5) was used as a
novel hole injection layer.
Paper is made of cellulose extracted from wood pulp or

plant-based fibers. Cellulose is one of the most abundant raw
biomaterials on the planet, making it a compelling renewable
and biodegradable resource.13 In addition to being lightweight
and flexible, paper is significantly lower in cost compared to
glass and most plastics. Paper can take on a variety of properties
depending on how it is processed. For example, unlike
conventional paper stock, reconstituted cellulose has high
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optical transparency, making it an attractive alternative
substrate for bottom-emitting OLEDs.14−17 Because of its
mechanical properties and history with mass production
printing, paper is being increasingly studied for its potential
applications in electronics, both as a substrate and as device
components.18,19

Gold was employed here as the semitransparent electrode to
replace ITO as a natural and nontoxic element. The flexible Au
electrode pairs well with cellulose substrates by using a simple
lift-off fabrication method with epoxy. ITO has been the
dominant transparent anode for OLEDs due to its good
conductivity, optical transparency, and hole injection into
conventional organics. However, ITO does have its short-
comings: it requires high annealing temperatures (>300 °C) to
obtain suitable conductivity and it is a brittle electrode
restricting substrate flexibility.20 It is likely that ITO will not
be compatible for future organic devices on paper or plastic
substrates.
On the other hand, Au has excellent conductivity (nearly 2

orders of magnitude higher than ITO),21 which is crucial for
large area OLEDs.22 Au electrodes require ∼5× less material
(thickness) to achieve the same sheet resistance as ITO, which
results in a similar cost. Au does not need to be annealed and is
adaptable to a variety of deposition methods, including roll-to-
roll processing.23 Thin film Au is semitransparent and creates a
strong optical microcavity, which can deviate from Lambertian
emission. However, this has been overcome through thickness
optimization and high refractive index materials.24 Another
challenge is the strong interfacial dipole that Au forms with
conventional organic molecules that result in poor metal−
organic hole injection.25 Interface layers of materials, such as
CuPc, C60, and m-MTDATA, have been reported to improve
the poor interface.21 In this work we show that the DNA
nucleobase adenine deposited on gold is a good hole injector
into the organic layers of the OLED structure. Adenine on Au
increased the hole current and also enhanced the overall OLED
efficiency and luminance compared to reference devices
without the nucleobase.

■ FABRICATION PROCEDURE
A template stripping method for transferring Au electrodes on
to cellulose was employed. The fabrication procedure of the
gold anode was adapted from previously reported methods.26,27

Template stripping has been used with silver electrodes for top-
emitting OLEDs.28 However, this is the first example of
template stripping for bottom-emitting OLEDs using thin gold
as the electrode to passivate cellulose or plastic substrates.
Template stripping guarantees that the gold conforms its
surface to the silicon surface and not to the rough cellulose
substrate. It has been shown that template stripping is superior
to direct evaporation for achieving very smooth gold
surfaces.18,19,27 In this work, gold anodes were patterned on a
silicon wafer and were lifted-off onto a cellulose substrate using
a UV curable epoxy (Loctite 352). The UV curing requires no
heating of the paper substrate, whose decomposition begins
above 150 °C.15 The epoxy material used is not a natural-based
polymer, but is considered nontoxic after polymerization.29

Natural-based epoxy with silk30 may be an interesting
alternative for future work.
Figure 1 illustrates the lift-off procedure of the Au film onto

the cellulose substrate. The process started with a Si wafer
cleaned by oxygen plasma (Plasma-Preen, Terra Universal Inc.,
500 W) for 10 min. The Au (Kurt J Lesker, 99.999%) layer was

deposited by thermal evaporation (Edwards Coating System
E306A) onto a Si wafer through an anode shadow mask. Au
was deposited to a thickness of 20 nm, monitored by a quartz
crystal. The Au electrode thickness was chosen based on
previous work that optimized Au for transparency and sheet
resistance.21,24

The transparent cellulose substrates (BBK, LLC) were ∼25
μm thick. The Si wafer with the patterned Au was removed
from the system and epoxy was dispensed directly on top of the
Au. A cellulose substrate was placed on top of the epoxy and a
quartz wafer was used to compress and spread the epoxy
uniformly over the entire surface. The substrate was placed in a
vacuum chamber to remove air bubbles from the epoxy prior to
exposure, which led to improved results and lower base
pressures during OLED fabrication. The cellulose is semi-
transparent to ultraviolet light and the epoxy cured in 2 min
under a UV lamp without heat. The thickness of the epoxy was
measured to be ∼100 μm. The quartz wafer was removed after
UV exposure. A razor blade was used to initiate the separation
of the cellulose/epoxy/Au stack from the Si substrate.
Afterward, the stack peeled off without difficulty. There was
no remaining Au on the Si wafer (where the epoxy was present)
and any residue could be cleaned and the wafer reused. The Au

Figure 1. Diagram and photographs of the process of template
stripping Au evaporated on silicon and transferred onto cellulose using
UV curable epoxy. Template stripping ensures that the Au surface
takes on the smooth Si morphology and not the rougher cellulose
texture.
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sheet resistance on the cellulose/epoxy/Au structure was
measured with a four-point probe to be 5.5 Ω/□.
The notable benefit of the template stripping method was the

improved Au adhesion to the epoxy, as demonstrated in Figure
2. Au directly evaporated on glass (or plastics) has notoriously

poor adhesion, often requiring additional thin metal adhesion
promoters (such as Ni or Cr), which reduces the optical
transmission. Figure 2a shows Au evaporated on a glass wafer
that was easily damaged by wiping with a tissue. The same
wiping procedure on the cellulose/epoxy/Au shows no
evidence of damage in Figure 2b. Furthermore, the gold
sheet resistance was maintained at 5.5 Ω/□.
Figure 3 shows a comparison of the rough cellulose paper to

the smooth gold electrodes after template stripping. Analysis of
the surface quality was performed using electron microscopy
(EVEX) and contour optical microscopy (Bruker ContourGT-
K1). The SEM photographs in Figure 3a revealed that the
surface morphology of the as-received cellulose contains large
trenches (>25 μm wide) and other features. This was supported
by the contour microscopy photographs, which shows the
nonuniformity of the cellulose surface in Figure 3b. OLEDs
that were fabricated on Au directly evaporated on the rough
cellulose film contained a high concentration of defects, which
decreased the OLED performance (Figure 3c). In the parallel
experiment, Au was transferred to the cellulose by the template
stripping method described above. The epoxy acts as a very
efficient smoothing layer that filled the inherent defects of the
cellulose. Corresponding analysis was done on the template
stripped electrodes (shown in the inset of Figure 3d) The SEM
and contour plots in Figure 3d and e, respectively, show that
the gold layer is featureless and also confirmed by the uniform
emission of the OLED fabricated on the cellulose/epoxy/Au
substrate (Figure 3f). Template stripping demonstrates that
specially treated cellulose or associated processes are not
required for high quality OLEDs on cellulose.
The transmission spectrum was measured for each layer of

the substrate/electrode (Perkin Elmer Lambda 900), as shown
in Figure 4a. The results in Figure 4b show the transmission of
the multiple layered cellulose/epoxy and cellulose/epoxy/Au at
the same thickness used in fabrication. Au film evaporated to 20
nm on a glass substrate showed a peak transmission of 58% at
515 nm, which closely matches the green OLED emission peak
at 515 nm. The cellulose film had a uniformly high transmission
(∼88−90%) in the visible range, only slightly decreasing in the
near-UV range to 80%. The glass substrate (1 mm) had a
transmission marginally higher of 90−91% through the visible
spectrum decreasing to 20% in the near-UV at 300 nm.

Corning Willow glass (100 μm) has been measured
previously15 to have a transmission in the visible range of
∼93%. The transmission plots revealed that reconstituted
cellulose is optically comparable to glass and exceeds it in the
near-UV range. The epoxy layer (100 μm) was >95%
transparent, showing only a sharp decline below the visible
spectrum (<400 nm). The cellulose/epoxy substrate had 87%
transmission at the 515 nm, which dropped sharply in the UV
due to the epoxy absorption in the UV. The addition of Au to
the substrate decreased transmission to 50%, shown in Figure
4b, due to the highly reflective nature of the Au.
The lift-off procedure described above was used for the

fabrication of OLEDs on cellulose substrates. The flexible
substrate must lay flat during the organic deposition to
minimize shadowing from the masks. Therefore, the
cellulose/epoxy/Au substrate was adhered to a glass wafer

Figure 2. Comparison of the robustness of Au directly evaporated on
glass and Au that was stripped from Si and transferred to cellulose.
Gently wiping with a tissue showed that the Au layer on glass was
easily removed, while the Au on epoxy/cellulose sustained no damage.

Figure 3. Comparison of surface morphology and OLED emission on
a bare cellulose substrate and on template stripped cellulose surfaces:
(a) SEM photograph of the initial cellulose surface (inset: photograph
of the cellulose showing high transparency level); (b) contour
microscopy image showing the rough surface of the cellulose substrate;
(c) photograph of light emitting from OLED fabricated directly on
cellulose showing many defects due to rough cellulose surface; (d)
SEM photograph of epoxy/cellulose surface (inset: photograph of
template stripped Au on cellulose) showing smooth and uniform
surface; (e) contour image of the template stripped gold on cellulose;
(f) defect-free OLED fabricated on template stripped gold.
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(or PET) using epoxy during OLED fabrication. For
comparison purposes, OLEDs were also fabricated wherein
Au was directly evaporated on a bare glass substrate to a
thickness of 20 nm.
After the substrate/electrode was prepared, the device was

transferred to a multisource vacuum evaporation system (SVT
Associates) for deposition of adenine (Sigma-Aldrich, 99%),
organic materials (Luminescence Technology Corp. Hsin-Chu,
Taiwan), and aluminum electrode. The nucleobase device (NB-
OLED) was fabricated using the following layers: substrate
(glass or cellulose)/Au [20 nm]/adenine [10 nm]/NPB [17
nm]/CBP:Ir(ppy)3 [30 nm, 10 wt %]/BCP [12 nm]/Alq3 [25
nm]/LiF [<1 nm]/Al [40 nm]. Reference devices were
fabricated with the same parameters, but excluding the adenine
layer. A quartz crystal microbalance monitored the organic layer
thicknesses. After the device fabrication process was completed,
the devices were transferred to a nitrogen-filled glovebox for
characterization. Figure 5 shows the energy levels10 for each of
the layers and a schematic of the overall device structure on the
cellulose substrate.

■ RESULTS
OLED current−voltage (I−V) characterization was performed
(HP-6634B DC power source) and the luminance was
measured with a Konica-Minolta CS-200 luminance meter.
Representative results are shown for OLEDs fabricated on glass
(Figure 6a,b) and on cellulose (Figure 6c,d) substrates, with
and without the adenine layer. For the OLEDs on glass
substrate, the luminance and current density as a function of
applied voltage are shown in Figure 6a and the current

efficiency is plotted versus luminance in Figure 6b. The OLED
on glass demonstrates a significant improvement in OLED
performance when a thin layer of adenine is deposited on the
Au electrode. As shown in Figure 6a, the adenine OLED
emitted a measurable luminance (optical turn-on) at 4.25 V,
while the reference OLED turned on at slightly higher voltage
of ∼4.50−4.75 V. The luminance for the adenine OLED
increased sharply after turn-on, reaching 100 cd/m2 at 5.5 V
and a maximum value of ∼45000 cd/m2 at 13.25 V. The
reference OLED on glass obtained 100 cd/m2 at 7.25 V (nearly
2 V higher than the adenine OLED) and achieved a maximum
luminance of only 12500 cd/m2. The current density of the
adenine OLED is uniformly higher than that of the reference
device especially at lower voltages, indicating that the adenine
led to improved hole injection from the Au electrode into the
organic stack. This is strongly supported by a comparison of the
current efficiency of the two devices. As shown in Figure 6b, the
current efficiency of the adenine OLED was significantly higher
than the reference device at all values of luminance, achieving a
nearly 5× enhancement over the reference. This clearly
indicates that adenine efficiently transported holes from the
Au to the emitting layer. The adenine OLED had a peak
efficiency of 31.7 cd/A and remained above 10 cd/A over most
of its operating range. In comparison, the reference device
without adenine has a current efficiency of less than 5 cd/A
throughout the entire range.
Corresponding results for OLEDs on cellulose substrates are

shown in Figure 6c,d. The results on cellulose demonstrate an
even more dramatic improvement with the addition of adenine
on Au. Figure 6c shows that the adenine OLED and the
reference device had a turn-on voltage of 4.5 V, similar to that
of the OLEDs on glass. The luminance of the adenine OLED
increased sharply after turn-on reaching 100 cd/m2 at 7.0 V and
reached a maximum luminance of ∼8400 cd/m2 at 16 V. The
reference OLED on cellulose obtained a luminance of 100 cd/

Figure 4. Optical transmission for materials for the thickness used in
the OLED structure: (a) Au film, epoxy layer, glass substrate, and
cellulose substrate; (b) cellulose with epoxy layer and cellulose/epoxy/
Au.

Figure 5. Structure of the OLED containing the Au anode and
adenine (A) hole injection layer: (a) schematic of the entire stack of
the OLED on cellulose showing the thickness of the stack; (b)
diagram of the molecular orbital energy levels (eV) of the OLED
layers.

ACS Photonics Article

DOI: 10.1021/ph500481c
ACS Photonics 2015, 2, 439−445

442

http://dx.doi.org/10.1021/ph500481c


m2 at 10 V (nearly 3 V higher than the adenine OLED) and a
maximum luminance of only ∼2000 cd/m2. The increase in
current density for the adenine OLED over the reference device
is more pronounced for the case of the cellulose substrate, as
seen in Figure 6c for all values of applied voltage. The current
emission efficiencies of the two OLEDs on cellulose substrate
are shown in Figure 6d. The adenine OLED reached a
maximum of 13.9 cd/A and remained at or above 13 cd/A up

to a luminance of ∼200 cd/m2. By comparison, the values of
the reference OLED were <3 cd/A throughout most of the
entire range (from ∼10 to 2000 cd/m2).

■ DISCUSSION
Figure 7 plots current density versus luminance for all of the
devices on glass and cellulose. It is evident that the adenine

devices on glass and cellulose exhibit a luminance increase of
nearly 8−10-fold larger over the entire current density range.
We attribute the increase in performance of the adenine devices
to the binding mechanisms of adenine onto the Au electrode.
The binding of DNA nucleobases to gold has been extensively
studied because of its importance for both fundamental studies
and bionanotechnology.31−33 Adenine, among the nucleobases,
is reported to have an exceptionally strong physical adsorption
affinity to Au.32 It is interesting to compare the combination of
Au and adenine as electrode/hole injection layer to that of Au
and C60, which has been investigated in some detail.34,35 In the
Au/C60 system, the barrier between the metal and organics is
overcome by strong chemical reactions between the two
materials34,35 that cause an intimate contact, resulting in
enhanced hole injection. This is similar to the strong physical
adsorption of adenine on Au. It is also important to note that
adenine and C60 have very similar HOMO levels, ∼6.0 and
∼6.2, respectively. Yuan et al.34 has proposed that the C60 layer,
due to its large HOMO level, is likely to transfer holes into
higher energy states in the NPB layer.34 It is possible that a
similar mechanism is occurring at the adenine/NPB interface.
Figure 7 also shows that the performance of devices on glass

and cellulose substrates is quite similar over a wide range of bias
currents. Slight loss of performance for the cellulose-based
devices starts to occur at 10 mA/cm2, becoming more
pronounced at 100 mA/cm2 and above. The reduced maximum
luminance of the cellulose-based devices suggests that local
heating effects at high current may cause physical changes (such
as delamination) in the cellulose/epoxy/Au interfaces. Figure 8
illustrates the operation of an adenine OLED on cellulose,
while being flexed.

■ CONCLUSIONS
The results presented here show several promising advance-
ments for natural electronics in terms of fabrication methods
and material selections for enhanced OLED performance on
cellulose substrates. Cellulose, a natural based alternative to

Figure 6. Optical performance characteristics of OLEDs with and
without adenine: (a) glass substrate, luminance and current density vs
voltage; (b) glass substrate, current efficiency vs luminance; (c)
cellulose substrate, luminance and current density vs voltage; (d)
cellulose substrate, current efficiency vs luminance.

Figure 7. Luminance vs current density for OLEDs with and without
adenine on glass and cellulose and cellulose substrates.
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glass substrates for bottom-emitting OLED structures, was
chosen as the substrate for its low cost, mechanical flexibility,
and optical transparency. Template stripping of thin film Au
using UV epoxy was a simple method that paired well with
cellulose substrates to create a substrate/electrode with
excellent properties: smooth electrodes, flexible, highly
conductive, low temperature, excellent adhesion, and semi-
transparent. In addition, it was also shown that hole injection
from Au to organic semiconductors could be greatly enhanced
by using the DNA nucleobase adenine. A thin layer of adenine
resulted in significant improvements in current efficiency and
luminance due to its intrinsic physical and chemical affinity to
gold that enhanced hole injection. As natural electronics
continue to advance in materials and methods, the substrate/
electrode/organic combination of cellulose, gold, and adenine
offer a solid foundation for future all-natural devices.
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(31) Demers, L. M.; Östblom, M.; Zhang, H.; Jang, N.-H.; Liedberg,
B.; Mirkin, C. A. Thermal desorption behavior and binding properties
of DNA bases and nucleosides on gold. J. Am. Chem. Soc. 2002, 124,
11248−11249.
(32) Kimura-Suda, H.; Petrovykh, D. Y.; Tarlov, M. J.; Whitman, L. J.
Base-dependent competitive adsorption of single-stranded DNA on
gold. J. Am. Chem. Soc. 2003, 125, 9014−9015.
(33) Kryachko, E. S.; Remacle, F. Complexes of DNA bases and gold
clusters Au3 and Au4 involving nonconventional N−H···Au hydrogen
bonding. Nano Lett. 2005, 5, 735−739.
(34) Yuan, Y. Y.; Han, S.; Grozea, D.; Lu, Z. H. Fullerene-organic
nanocomposite: A flexible material platform for organic light-emitting
diodes. Appl. Phys. Lett. 2006, 88, 093503.
(35) Veenstra, S. C.; Heeres, A.; Hadziioannou, G.; Sawatzky, G. A.;
Jonkman, H. T. On interface dipole layers between C60 and Ag or Au.
Appl. Phys. A: Mater. Sci. Process. 2002, 75, 661−666.

ACS Photonics Article

DOI: 10.1021/ph500481c
ACS Photonics 2015, 2, 439−445

445

http://www.cdph.ca.gov/programs/hesis/Documents/epoxy.pdf
http://www.cdph.ca.gov/programs/hesis/Documents/epoxy.pdf
http://dx.doi.org/10.1021/ph500481c

