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The ability to manage the light scattering effect of transparent paper
without sacrificing its original high transmittance is critical for the
application in optoelectronics since different devices have different
requirements for the optical properties. In this paper, we study highly
transparent paper with a tunable transmission haze by rationally
managing the ratio of nanoscale cellulose fibers to macroscopic
cellulose fibers. The transparent papers present a largely modulated
light scattering behavior while retaining a transparency of over 90%.
Various measurements are then used to characterize the optical
properties of the different transparent papers in detail. To demonstrate
the device applications in green electronics, we fabricated a top gated
transistor with MoS, on the transparent paper containing 100% NFC
that leads to an excellent on/off ratio. The highly transparent paper
with a controllable light scattering behavior has an unprecedented
potential for applications in optoelectronic devices as a substrate or a
functional component.

Introduction

Paper made of cellulose nanofibers is emerging as a substrate
in electronic devices due to its earth abundance, remarkable
optical and mechanical properties, superior thermal stability,
prominent surface smoothness, nontoxicity, excellent print-
ability, and biodegradability."® Optical properties, such as
transparency and transmission haze, are very significant in the
fabrication of optoelectronic devices with a tailored perfor-
mance'®™ and a light diffusion film, which is widely used in
LED light systems, backlight units (BLUs) of liquid crystal
displays (LCDs), and signage.'**® For paper made of pure
cellulose fibers using a similar fabrication method, optical
properties primarily depend on the fiber diameter. Cellulose
fibers obtained from wood and plants are elongated and
hollow cells, with an average diameter of 20-50 pm and a
length of 1-3 mm. They have a hierarchical structure
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Broader context

Transparent paper made of cellulose has attracted increased interest in
the scientific community because it enables lighter, cheaper, more flex-
ible, and environmentally benign electronics of the future. The ability to
modulate the dimension of cellulose fibers in the nanoscale and micro-
sized range by advanced processes enables paper to possess a tailored
light scattering effect while maintaining high optical transmittance.
Tunable optical haze is a performance-enhancing characteristic of trans-
parent paper compared to plastics used in flexible electronics, because
paper is not only a substrate but also a functional component for elec-
tronics. This characteristic has great potential to open up new opportu-
nities for transparent paper. As a proof-of-concept, we demonstrated a
high-performance MoS, transistor on a highly transparent paper.

comprised of millions of elementary fibrils with a diameter of
3.5-5 nm."* The elementary fibrils are bundled into micro-
fibrils (5-50 nm in diameter and several microns in length)
that further aggregate into microfibril bundles. The hierar-
chical structure of cellulose fibers enables the production of
fibers with diameters ranging from microscale to nanoscale by
chemical and/or mechanical treatments. Controlled fiber
dimensions directly influence the fabrication of paper with
tailored optical properties.>***

In this work, we proposed a facile method to manage the
optical properties of paper through a rational design. TEMPO
(2,2,6,6-tetramethylpiperidine-1-oxyl radical)-oxidized micro-
sized wood fibers with an average diameter of ~27 pm and an
average length of 0.92 mm were used to enhance the haze of the
paper, while NFC (nanofibrillated cellulose) with a diameter of
~30 nm was used to decrease the haze of the paper. By
adjusting the weight ratio of the TEMPO-oxidized wood fibers to
the NFC, the transparent paper fabricated by vacuum filtration
possesses a tunable haze from 18% to 60% while retaining a
transmittance of over 90%. In addition, a scattering angular
distribution measurement was conducted to elucidate the light
scattering effect of various transparent papers with a different
haze and a high-performance transistor with a MoS, nanoflake
as a semiconductor was demonstrated.
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Experimental
Preparation of TEMPO-oxidized wood fibers and NFC

Bleached pulp obtained from southern yellow pine trees was
disintegrated into a 1 wt% fiber suspension with distilled water
and then treated in a TEMPO/NaClO/NaBr system at pH
10.5.”>** The suspension was continuously stirred with a Turrax
mixer until the color of the water changed from yellow to
colorless. The obtained TEMPO-oxidized pulp was then rinsed
with distilled water three times to remove the residue chem-
icals. A portion of the clean TEMPO-oxidized wood pulp was
once homogenized in a Microfluidizer processor with a channel
diameter of 200 um under a pressure of 20 000 psi to produce
NFC.

Fabrication of transparent paper substrates with a different
transmission haze

The transmission haze of the transparent paper substrates was
tuned by regulating the weight ratio of the TEMPO-oxidized
wood fibers to the NFC. The mixture (1%) of the NFC and the
TEMPO-oxidized wood pulp was stirred with a Turrax mixer
(IKA, RW20 digital) at a speed of 700 rpm for 30 min and then
filtrated with a Buchner funnel using a 90 mm filter membrane
(0.65 pm DVPP, Millipore, U.S.A). The time of filtration ranges
from 40 min to 6 h depending on the weight ratio of the NFC.
The prepared wet paper was sandwiched between two stacks of
regular filter paper, placed in a presser under a pressure of 4
MPa and dried at room temperature.

Results and discussion

TEMPO-oxidized wood fibers and NFC were utilized to prepare
transparent paper with a tailored optical haze. As shown in
Fig. 1a, wood fibers extracted from trees by mature pulping
technologies were oxidized using an aqueous TEMPO oxidation
system (TEMPO/NaClO/NaBr) at pH 10.5 to prepare the TEMPO-
treated wood fibers; NFC was prepared by a homogenization
process. When an electromagnetic (EM) wave encounters a
TEMPO-oxidized wood fiber, the incident light is strongly
scattered due to the micro-sized diameter of the fiber (see the
top right part of the schematic of Fig. 1a). As the wood fibers are
homogenized into NFC with a diameter of 5-30 nm, the light
scatter behavior is sufficiently suppressed because the diameter
of NFC is much smaller than the wavelength of visible light,
ranging from 400 to 800 nm (see the bottom right part of the
schematic of Fig. 1a).

The fiber morphology plays an important role in the fabri-
cation of transparent paper. Here, optical microscopy was used
to observe the morphology of the TEMPO-oxidized wood pulp,
and the morphology of the NFC was obtained by AFM. Due to
the hollow structure and the micro-sized diameter of the wood
fibers, it is difficult to produce highly optical transparent paper
without mechanical and chemical treatments. To make the
wood fibers more suitable for producing transparent paper, a
TEMPO oxidation system was used to modify the morphology of
the wood fibers by introducing carboxyl groups to the cellulose.
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As shown in Fig. 1b and c, the wood fibers were cleaved and
partially unzipped in the axial direction during the TEMPO
treatment and the inset in Fig. 1b presents the uniform and
translucent wood fiber suspension (1 wt%) after TEMPO pro-
cessing. Fig. 1d and e show the fiber length and width distri-
bution of the TEMPO-oxidized wood fibers, respectively. Most
TEMPO-oxidized wood fibers are 0.5-2 mm long and 16-32 um
wide. An image of the NFC suspension (1.0 wt%) obtained from
homogenization is shown in Fig. 1f and Fig. 1g shows an AFM
image of the NFC, illustrating that most of the NFC has a length
of less than 1 um and a width of approximately 30 nm.

Transparent paper was simply fabricated by a vacuum
filtration and then dried at atmospheric temperature under
pressure. By regulating the weight ratio of the TEMPO-oxidized
pulp to NFC, transparent paper with tunable optical properties
was obtained. Fig. 2 demonstrates the visual appearance of the
transparent papers containing different contents of NFC. The
transparent papers were in close contact with the pattern
underneath in order to minimize the light scattering of the
papers on the visual transparency observed by the human eye.
In Fig. 2a-e, the pattern behind the various transparent papers
can be clearly observed regardless of the varying NFC contents
in the papers, revealing that the designed method to regulate
the transmission haze of the papers does not influence the
optical transmittance. The regular paper, shown in Fig. 2f,
exhibits a high opacity due to extensive light scattering at the
fiber surfaces.

To further verify that the transmission haze of our trans-
parent paper may be tuned while retaining highly optical
transparency, a UV-Vis spectrometer with an integrating sphere
(PerkinElmer® USA) was used to measure the total trans-
mittance and transmission haze of the transparent paper in a
wavelength range of 400 nm to 1100 nm. The principle for haze
and total optical transmittance testing is explained extensively
in previous literature.>***** Total optical transmittance spectra
of each transparent paper with a different content of NFC are
shown in Fig. 3a, revealing that the transparent paper fabricated
by this method exhibits over 90% transparency. In addition to
excellent optical transparency, the transparent paper substrates
display a variable transmission haze from 18% to 60% in the
visible wavelength range as well (Fig. 3b). Due to an extensive
light diffusing behavior of the micro-sized TEMO-oxidized
fibers, the transparent paper without the NFC presents the
highest transmission haze (~60%), and with an increase in the
NFC content in the paper the transmission haze demonstrates a
decreasing trend. According to this data and analysis, it is
possible to regulate the light scattering effect of the transparent
paper by rationally adjusting the weight ratio of the TEMPO-
oxidized wood fibers to NFC, while maintaining the trans-
parency over 90% at a wavelength of 550 nm. These tunable
optical properties illustrate the potential application of trans-
parent paper in light diffusion films and optoelectronic devices,
such as outdoor displays and solar cells.

In order to visualize the light scattering behavior of the
transparent paper with different NFC contents, it is shown that
a green laser beam with a wavelength of 540 nm travels through
the transparent paper and illuminates an area on the target with
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Fig. 1 (a) Flowchart showing the procedure of preparing NFC from trees (the schematic shows the light scattering effect of a TEMPO-oxidized
wood fiber (top right) and NFC (bottom right)); optical microscopy images of (b) TEMPO-oxidized wood fibers (the inset shows the TEMPO-
oxidized wood fiber suspension) and (c) an unzipped TEMPO-oxidized wood fiber; (d) length fraction of the TEMPO-oxidized wood fibers, the y-
axis unit is in mm; (e) width fraction of the TEMPO-oxidized wood fibers, the y-axis unit is in um; (f) digital photo of the 1 wt% NFC suspension; (g)

AFM image of NFC.

a certain radius. As shown in Fig. 3c, the transmitted light
passing through poly(ethylene terephthalate) (PET) shows the
smallest luminous radius on the target. This visualizes the low
transmission haze of PET <1%, and further indicates that the
light scattering caused by PET is negligible. Transparent paper
containing a dissimilar NFC content illuminates a larger area
on the target compared to PET. As the NFC content within the
transparent paper decreases, a larger and more homogeneous
illuminated area is gradually observed. Light passing through
the transparent paper with 100% NFC shows a small and

~
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intense illuminated area on the target (Fig. 3d), due to the fact
that most of the incident light transmits straight through the
paper. The light scattering effect of the transparent paper with
50% NFC is visualized in Fig. 3e. It is clearly visible that the
transmitted light is strongly scattered, resulting in a larger
illuminated area. However, the light intensity at the center of
the target is more intense than at the edge. A more uniform and
larger illuminated area is achieved when the incident light
propagates through the transparent paper without NFC (Fig. 3f).
Scientists have found that a larger fiber diameter leads to a

"
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Fig. 2 Optical photos of highly transparent papers with tunable optical properties made of TEMPO-oxidized micro-sized wood fibers and/or
NFC, with an NFC content of (a) 100%, (b) 80%, (c) 50%, (d) 20%, and (e) 0%, and of (f) a regular paper.
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Fig. 3 (a) Light transmittance and (b) transmission haze of the trans-
parent papers with a different content of NFC in the entire paper
(100%, 80%, 50%, 20%, and 0%); light scattering effect of the
substrates: (c) PET; (d) transparent paper made of pure NFC; (e)
transparent paper containing 50% NFC; (f) transparent paper without
NFC. Note that the diameter of the laser point is 0.4 mm and the
distance between the paper and the target is 30 cm. The maximum
diameter of the concentric circles on the target is 14.5 cm.

higher transmission haze.**** The diameter of the fibers and the
packing density of the transparent paper play a significant role
in its light scattering behavior. In this study, the transparent
paper has a thickness of 45-51 um and a packing density of
approximately 1.1-1.2 g cm >, thus the content of the micro-
sized fibers within the transparent paper plays a crucial role in
light scattering.

The transmission haze may be defined as the percent of the
transmitted beam of light that deviates from the incident beam
by more than 2.5° due to light scattering within the bulk of the
film.** During the fabrication of optoelectronic devices on
transparent substrates, the percent of incident light that passes
through a transparent substrate must be as high as possible;
moreover, transmission haze is also a crucial parameter that
should be taken into consideration. A higher haze renders
diffuse scattered light, which is beneficial in devices such as
solar cells, where stronger light scattering enhances the path of
light and induces improved light trapping within the active
layer of solar cells.*****” A high haze also contributes to the
uniform light distribution behavior of light diffuser films for
LED lighting or backlight units in an LCD.**'®* Moderate light
scattering provides anti-glaring, which ensures comfortable
visibility for outdoor devices such as touch panels.”® A high
clarity is desirable in displays in order to achieve vivid and clear
images.

To intuitively show how the transmission haze in the paper
effects the visibility through the substrate, all samples were
placed in a bright environment and the visual appearances of
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the transparent paper with a different transmission haze are
displayed in Fig. 4a—c. The corresponding weight ratio of NFC to
total fibers is 100%, 50%, and 0%, respectively. With a decrease
in NFC content in the transparent paper, the scene behind the
transparent paper gradually becomes obscure. The reason for
this phenomenon is the high content of micro-sized fibers
within the paper, which causes intensive light scattering that
reduces the light intensity per area and makes the image behind
the transparent paper more and more turbid.

The transmission haze can be quantified by UV-Vis spec-
trometry measurements with an integrating sphere, but the
accurate behavior of the scattered light is still unknown. An
additional experiment was conducted to measure the angular
distribution of the scattered light to further elucidate the optical
haze of the transparent paper based on our previous work.>® A
paper sample was placed between a rotating detector and a 540
nm laser light source. To measure the scattering angle distri-
bution, the detector rotated behind the sample surfaces from
60° to 120° to collect the intensity of the transmitted light. The
scattering angle distribution of the transmitted light for the
various transparent paper substrates is displayed in Fig. 4d,
which coincides with the transmission haze described in the
previous section. For the transparent papers consisting of 100%
and 80% NFC, the angular distribution of the transmitted light
mainly concentrates in the incident direction. As the NFC
content decreases, the peak of the scattering angle distribution
curve reduces dramatically, which indicates that the trans-
parent paper with a lower NFC content may cause more intense
light scattering that uniformly distributes transmitted light in
all directions. In addition to the scattering angle distribution
curve of the dissimilar transparent papers, a maximum scat-
tering angle is also used to describe the light scattering extent in
this paper. We define the scattering angle range as the scattered
light, which illustrates a light intensity larger than 5% of the
peak intensity at 90°. The maximum scattering angle of
diffusely transmitted light through the transparent paper
without NFC is 36° (Fig. 4e), which decreases to 32°, 24°, 14°,
and 12° as the NFC content decreases in the transparent papers
(as can be seen in Fig. 4f-i).

Scanning electron microscopy (SEM) was used to explore why
the transparent papers, which include varying NFC contents,
exhibit high optical transmittance. Fig. 5 shows top-view SEM
images illustrating the surface morphologies of the transparent
papers with different weight ratios of NFC to total fibers and the
regular paper made of original fibers without chemical treat-
ments or mechanical processes. Fig. 5a shows the surface
morphology of the transparent paper made of pure NFC. There
are no obvious cavities observed on the surface, as previously
reported. NFC with a diameter of 5-30 nm formed a dense fiber
network that reduces light scattering caused by the mismatch
refractive index between air (1.0) and the surface of the cellulose
fibers (1.5).> As shown in Fig. 5b-e, more micro-sized fibers are
observed on the surface of the paper as the NFC content in the
paper decreases, but the pores in the bulk paper are still
significantly suppressed due to the extensive collapse of the
fiber cell walls after the TEMPO treatment and the infiltration of
NFC in the void spaces of the paper. The TEMPO-treated fibers

This journal is © The Royal Society of Chemistry 2014
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Fig. 4 Visual appearances of the transparent papers with NFC contents of 100% (a), 50% (b), and 0% (c), respectively. (d) Scattering angular
distribution with arbitrary y-axis units for the various transparent papers. Maximum scattering angle for the transparent papers with a different
ratio of NFC to the whole paper: (e) 0%, (f) 20%, (g) 50%, (h) 80%, and (i) 100% NFC.

are prone to being crushed during the filtration and drying
process, which results in a higher packing density for the dried
paper. Fig. 5e shows a top-view SEM image of the transparent
paper consisting of the TEMPO-oxidized micro-sized wood
fibers. In comparison to the regular paper shown in Fig. 5f, it
shows a higher packing density and better optical transmittance
due to the decreased fiber length, increased fiber content and
easy collapse of the hollow structured fibers after the TEMPO
treatment. The porous structure is apparent in the SEM image
of the regular paper, which causes strong light scattering that
results in the opacity of the regular paper.

In addition, color difference is another parameter that
should be taken into account during the fabrication of trans-
parent paper with different light scattering behavior. Currently,
the most complete color space to describe the visible colors for
the human eye is CIELAB specified by CIE (International
Commission on Illumination): L* represents the lightness of
the color, a low number (0-50) indicates dark and a high
number (51-100) refers to light. a* indicates the difference
between green (—a) and red (+a), b* refers to the difference
between yellow (+b) and blue (—b). In this study, Technidyne
Color Touch PC was used to measure L*, a*; and b* of the

Fig.5 Top-view SEM images of the transparent papers produced by TEMPO-oxidized wood fibers and/or NFC with an NFC content of (a) 100%,
(b) 80%, (c) 50%, (d) 20%, and (e) 0%, and of (f) the regular paper. The scale bar is 100 um.
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Fig. 6 (a) Opticalimage of a 20 nm thick MoS, device on transparent paper; (b) after 200 nm Al,Oz deposition, a 30 nm thick top gate electrode
is patterned; (c) a schematic view of the MoS; field effect transistor shown in b; (d) transfer characteristic /4= Vg with 50 mV applied bias voltage
for the 20 nm thick MoS, FET at room temperature. The red and black curves indicate the forward and backward V4 sweeping. Inset: the same

lsq—Vig curve with /g4 in log scale.

various transparent paper substrates, and the data are demon-
strated in Table 1. As the content of NFC within the transparent
papers increases, L* shows a slightly declining trend and no
significant variations to the values of a* and b* are observed
between the transparent papers. In comparison to the trans-
parent paper without the NFC, |Aa| and |Ab| for the transparent
papers with different NFC contents are less than 0.1 and 1.0,
respectively. |AL| of the transparent paper with a NFC content of
20%, 50%, and 80% is less than 1.0. For the pure NFC film, |AL|
is 2.37, showing a decrease of only 3.0%. Such tiny declines in
L* a* and b* among the various transparent papers are
undetectable by the human eye; thus the approach to fabricate
transparent papers with tunable light scattering effects will not
lead to a severe color deviation.

Transparent paper provides excellent optical transmittance
while simultaneously offering tunable light scattering behavior,
which exhibits great potential for the fabrication of lighter,
cheaper, and more flexible next generation “green” electronics.
We recently laminated transparent paper with a high optical
haze to the surface of an organic solar cell and the paper
laminated solar cell presented a ~10% enhancement in power
conversion efficiency (PCE).>* Moreover, Ha et al. demonstrated
a paper-based photovoltaic device by directly attaching a piece
of paper with both high transparency and optical haze to the
surface of a GaAs solar cell, showing a significant enhancement
in PCE (23.91%) and a reduced angular dependence of reflec-
tivity due to the combination of the index contrast and surface
texture.>® The transparent paper with the lowest diffuse light

Table 1 CIELAB of the various transparent papers

L* a* b*
0% 79.17 —0.12 9.65
20% 78.56 —0.03 10.43
50% 78.53 —0.16 9.87
80% 78.15 -0.15 9.96
100% 76.80 —0.03 10.58

3318 | Energy Environ. Sci., 2014, 7, 3313-3319

scattering (nanopaper) exhibits high transparency and superior
surface smoothness, and thus is an ideal substrate for directly
fabricating flexible electronics.»***! In this study, we fabricated
a field effect transistor (FET) on a nanopaper. A 20 nm thick
MosS, flake is first mechanically exfoliated by the classical
scotch-tape technique onto the surface of the paper, followed by
the patterning of 50 nm Au contact electrodes using a shadow
mask method.*> 200 nm Al,O; is then directly deposited onto
the MoS, flake through an aligned shadow mask in an electron-
beam evaporator. Finally, a 30 nm Au top gate electrode is
defined above the MosS, flake, as shown in Fig. 6a-c. Fig 6d
displays an n-type unipolar behavior of the paper-supported 20
nm-thick MoS, FET, indicated by a source drain current, Is4, (Vsa
= 50 mV) as a function of the applied top gate voltage, Vi,. The
I (Vig) curve shows a turning on at positive Vi, values (accu-
mulation of electrons), while staying off at a negative Vi,
window, which agrees with previously reported MoS, FETs on
other substrates.**>* A large current on/off ratio Ion/Iog ~ 1 X
10° is also achieved within the range of the applied V. This
demonstrates that our transparent paper is a promising and
revolutionary substrate for next generation “green” electronics
that fulfils the sustainable development of human society. Note
that the transparent paper substrates are made of intrinsically
green and renewable materials derived from wood. Current
processes and materials used for the development of trans-
parent papers are not all green, such as the use of TEMPO, and
there is much development in the paper industry to replace
these non-renewable parts. Examples include enzymatic treat-
ment to replace TEMPO.*>*>* In the near future, green processes
combined with wood-derived biomaterials will lead to fully
renewable substrates as a robust replacement of plastics for a
range of green electronics.

Conclusion

In summary, this study introduces a facile method to fabricate
highly optical transparent paper with a tunable transmission
haze by rationally regulating the weight ratio of TEMPO-oxidized

This journal is © The Royal Society of Chemistry 2014
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wood fibers to NFC. The fabricated transparent paper not only
exhibits a high transmittance of over 90% due to a high packing
density, but also a varying light scattering effect tuned by
managing the amount of the NFC in the paper. The scattering
angular distribution of the various transparent papers ranges
from 36° to 12°. Moreover, a MoS, field effect transistor was
fabricated on the transparent paper of pure NFC, showing a large
current on/off ratio, Ion/Iog ~ 1 x 10°. This earth-abundant,
biodegradable and scalable transparent paper with a tailored
transmission haze demonstrates the huge potential to expand
the application of transparent paper on solar cells, outdoor
displays, OLED light systems, and other devices.
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