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ABSTRACT: Wood fibers possess natural unique hierarchical and mesoporous structures that enable a variety of new
applications beyond their traditional use. We dramatically modulate the propagation of light through random network of
wood fibers. A highly transparent and clear paper with transmittance >90% and haze <1.0% applicable for high-definition
displays is achieved. By altering the morphology of the same wood fibers that form the paper, highly transparent and hazy
paper targeted for other applications such as solar cell and antiglare coating with transmittance >90% and haze >90% is also
achieved. A thorough investigation of the relation between the mesoporous structure and the optical properties in
transparent paper was conducted, including full-spectrum optical simulations. We demonstrate commercially competitive
multitouch touch screen with clear paper as a replacement for plastic substrates, which shows excellent process
compatibility and comparable device performance for commercial applications. Transparent cellulose paper with tunable
optical properties is an emerging photonic material that will realize a range of much improved flexible electronics,
photonics, and optoelectronics.

KEYWORDS: wood cellulose materials, light management, high transparency, super clarity, super haze, paper touch screen,
optoelectronics

Transparent optical materials are one of the most
important building blocks for optical devices.1−5 These
materials are used in a wide range of applications,

ranging from windshields, lenses, and optical fibers to solar
cells.6−9 Silicon dioxide has long been the traditional material
used for these applications due to extremely low absorption
with super high transmittance. When SiO2 is forged into crystal
or glass, it is rigid at room temperature, which impedes the
formation of new compelling flexible devices such as artificial
skin, intelligent textiles, or flexible implants.10−14 In the coming
decades, flexible devices will be thoroughly developed with the
integration of advanced electrical and optical functions. A high-

performance transparent optical material that may replace SiO2

and enable flexible optical devices or components is still
lacking. This new transparent material ideally should exhibit
low cost, low absorbance, high specular transmission, and
compatibility with other materials. Plastic has been studied as a
replacement for SiO2 in flexible optical devices over the past
decades, but plastic has intrinsic problems such as low thermal
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stability, poor accessibility for functionalization, and harm to
environment.15−17

Mesoporous materials are emerging toward novel photonics
and optoelectronics, through which photons can be manipu-
lated to achieve desired properties.18 Note that, in this
manuscript, mesopore is defined as a nanostructure that has
hierarchical pore structures from micrometer size down to
nanometer size. While traditional transparent substrates such as
SiO2 and plastic are solids, transparent paper is a mesoporous
network of cellulose nanofiber (CNF) with controllable pore
sizes and pore distributions.19 This type of paper photonics has
tremendous potential; the mesoporous structure of cellulose
fiber-based paper allows the density, pore structure, and shape
to be tuned dramatically, which is impossible to achieve with
traditional plastic substrates.20−29 It is expected, for example,
that the mesopores can be filled with high index materials to
create periodic photonic structures in paper. Mesoporous wood
fiber-based paper can also be integrated in optofluidic devices
due to the capacity to flow nanofluids through the transparent
mesoporous structure. In the past few years, proof-of-concept
devices such as transistors and solar cells have been
demonstrated on transparent paper substrates.24,30 Although
these devices are completely functional, the optical properties
do not adequately meet the desired standards. For example, the
optical clarity is critical in displays that require a haze value
(indication of optical scattering) less than 1%; however, the
nanopaper demonstrated with cellulose nanofibers exhibits a
haze value of around 10%, which is too high for high-definition
displays.31,32 A detailed understanding of the correlation
between its structure and optical properties is still lacking.
In this work, we demonstrate that large light scattering

tuning can be achieved in mesoporous paper for photonics and
optoelectronics by simply changing the packing of the cellulose

fibers. In one extreme, we achieved >90% total transmittance
and <1% optical haze, when cellulose nanofibers are densely
packed through layer by layer. In the other extreme, we
achieved >90% total transmittance and >90% light scattering
when the microfibers are in situ nanowelded in ionic liquid. We
conducted a detailed investigation of the 3D surface topology
of mesoporous cellulose paper. This 3D topology investigation
supports a full spectrum simulation that may guide future
designs of transparent paper with tunable light scattering. A 2.5
× 4 in.2 touch screen (multitouch) is demonstrated using dry-
transferred graphene as a transparent conductor on super clear
paper. Mesoporous transparent paper with tailored optical
properties can be applied to a range of devices resulting in an
enhanced performance. Meanwhile, such super clear paper
shows complete process compatibility with roll-to-roll
manufacturing in flexible electronic, which is critical for future
system integrations for all paper photonics and optoelectronics
systems.

RESULTS AND DISCUSSION

Wood is a porous and fibrous structural tissue of trees (Figure
1a−c), consisting of microfibers with a hierarchical structure, as
shown in Figure 1d. A large microfiber is composed of
thousands of nanofibers.33−35 In this work, we fabricate paper
with high total forward transmittance but dramatic different
light scattering behavior via two different strategies. The key
design principle is that rich nanostructures with tailored
mesopores allow us to control the scattering of photons
through such random media. The collective behavior at the
microscale leads to macroscopic optical properties.
To achieve different microstructures, we design and fabricate

paper substrates using wood cellulose fibers with two different
size dimensions. The resulting paper shows dramatically

Figure 1. Hierarchical structure of tree and the applications of natural fibers with different fiber diameter. Images of (a) tree and (b) wood
trunk. (c) SEM image of porous and fibrous structure of wood. (d) Hierarchical structure of wood microfiber, where each microfiber is
composed of nanofibers. (e) Schematic and (f) picture of super transparent and super hazy paper made of partly dissolved and nanowelded
microfibers. The total transmittance of hazy paper is >90%, and the transmission haze is >90%. (g) Schematic and (h) picture of super
transparent and super clear paper made of nanofibers. The total transmittance of super clear paper is >90%, and the transmission haze is <1%.
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different optical scattering behavior. In one case, the resulted
paper is very hazy with significant amounts of mesopores and a
relatively rougher surface than the clear paper (Figure 1e,f).
The hazy paper is directly fabricated via nanowelding
microfibers in ionic liquid. These welded microfibers lead to
much denser packing than regular paper, which dismisses the
large air cavities (∼50 μm) and leads to the high optical
transmittance. Meanwhile, a significant amount of mesopores
still exist, which causes significant light scattering through the
∼40−50 μm thick paper. In another case, the paper substrate is
super clear with a small quantity of mesopores and a uniform
surface texture (Figure 1g,h). The building block of the clear
paper is a purified nanofiber disintegrated from wood fiber that
exhibits a uniform size with diameter around 10−20 nm and a
length around 500 nm. These nanofibers with excellent
flexibility lead to a dense microstructure and optical appearance
is as clear as high-quality SiO2 glass. We significantly
manipulate the light scattering in highly transparent paper by
tailoring the fiber dimensions and packing density; the
collective result is that the optical haze is adjustable between
smaller than 1% and larger than 90% with transmittance larger
than 90%.
Following the design in Figure 1g, we achieved optically clear

paper with the lowest haze that has not been reported in
literature. The detailed procedure for its fabrication is discussed
in the Materials and Methods and Supporting Information
(Figure S1a−d). To summarize, the CNF (Figure 2a) was
obtained by a homogenization of 2,2,6,6-tetramethylpiperidine-
1-oxyl (TEMPO)-oxidized wood fibers and then a centrifuga-
tion to remove any residual microfibers. The TEMPO
treatment was used to swell the cell wall of the wood fibers.
A uniform CNF with a diameter of ∼20 nm was obtained after
further homogenization and centrifugation treatment. The clear
paper in size A4 as shown in Figure 2b was prepared through a
scalable casting method with this uniform CNF suspension.

We further investigate the total transmittance and the
transmittance haze of optically clear paper using a UV−vis
spectrometer with an integrating sphere. The total trans-
mittance is ∼90% from wavelengths 400−1100 nm, which is
similar to thin flexible glass (Corning, Inc., USA) and
polyethylene terephthalate (PET). The optical haze of clear
paper is 0.5% at 550 nm, which is similar to a glass substrate.
This value meets the standards for high-end displays, which
require an optical haze value less than 1%.36−38 Our clear paper
made of purified CNF shows a much smaller haze value than
previous reported nanopaper.31 Approximately 5% by weight of
microfibers were removed during centrifugation at CNF
purification step. Surprisingly, the transmittance haze decreases
dramatically from 10% for nanopaper with noncentrifuged
CNF to 0.5% for clear paper when such low amount of
microfibers were removed (Figure S3). The mechanisms of
optically clear paper with CNF fibers that may explain this
behavior include: (1) the nanosized CNF building blocks
scatter light much less than larger fibers (i.e. microfibers);31,39

(2) the uniform CNFs and strong fiber−fiber interactions
during the drying process lead to excellent packing toward a
dense structure (density 1.2 g/cm3), which decreases the light
scattering through the bulk paper; (3) clear paper shows a
super smooth surface (root-mean-square roughness ∼2.6 nm,
as discussed below) that induces negligible light scattering at
the surface. The angular distribution of transmitted light was
measured with a rotating light detector (Figure S4) and the
normal direction of transmitted light was defined as 90°. All
(100%) light is concentrated at 90° ± 1°, with the presence of
0.5% transmittance haze (Figure S5). The transmitted light is
concentrated on the incident direction with no scattering.
Clear paper made of one-dimensional CNFs exhibits

excellent mechanical strength and a smooth surface roughness.
Compared to plastic that is made of homogeneous polymer, the
clear paper is composed with one-dimensional nanofibers that

Figure 2. Super clear paper made of CNF exhibits excellent optical properties and small surface roughness. (a) AFM image of purified CNF
with a uniform diameter. (b) Picture of super clear paper substrate. Comparison of total forward transmittance (c) and transmittance haze (d)
for clear paper, flexible glass, and PET plastic. (e) AFM height image and AFM line scan of transparent clear paper with scan size of 8 × 8
μm2.
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possess rich hydroxyl groups. Coupled with the outstanding
mechanical properties of individual CNFs (Young’s Modulus
150 GPa of cellulose nanocrystal),40,41 the network structure
linked by strong hydrogen bonds between CNFs leads to both
excellent mechanical strength and flexibility in clear paper
(Figure S6a,b). Surprisingly, the mesoporous clear paper with a
network structure has a small surface roughness, as shown in
Figure 2e. The atomic force microscope (AFM) topographical
line scan reveals root-mean-square (RMS) roughness of 2.6 nm.
We also invented a simple and fast in situ pressing method

with partially dissolved microfibers to fabricate super hazy
paper. The detailed procedure is presented in Materials and
Methods. To summarize, a piece of paper made with regular
microfiber was immersed in ionic liquid 1-butyl-3-methylimi-
dazolium chloride (BMIMCl) for 15 min. The paper saturated
with ionic liquid was then in situ hot-pressed. The ionic liquid
breaks down the hydro bonds between the cellulose chains and
effectively dissolves the surface layer of the fibers while
retaining the microfiber backbones.42−44 Additional washing
in methanol was used to remove ionic liquid inside the hazy
paper. The paper changes from opaque to transparent after the
ionic liquid treatment (Figure 3a). The in situ dissolution of
microfibers under hot-pressing serves two purposes: (1) the
dissolved surface leads to strong nanowelding between
microfibers; (2) the microsized vacancies initially occupied by
air in the paper are filled by dissolved cellulose under pressure.
The dissolved cellulose nanofibers by ionic liquid during in situ
pressing are clearly observable in the finished paper (Figure
3b). The in situ pressing greatly increases the packing density
and removes the microsized cavities filled with air in the paper,
which leads to the high transmittance. Note that the density of
initial paper is 0.5 g/cm3, while the density of hazy paper is
∼1.1 g/cm3.
We characterized the optical properties of transparent and

hazy paper with an integrating sphere and a rotating light
detector. The in situ pressed paper shows a high optical
transmittance of up to 90% at 550 nm, which is comparable to

flexible glass and PET (Figure 3c). Interestingly, the trans-
parent paper also shows a super high haze value for forward
transmitted light, with a value of 91% at 550 nm (Figure 3d).
Note that the transmittance haze for glass and PET is less than
1%.45,46

Both the hazy paper and the clear paper are fabricated with
essentially the same material of wood cellulose fibers. The
unique combination of high transmittance and high haze results
from the unique structure. The porous structure in the paper
causes numerous light scattering, which randomly redirects
light’s propagation path and leads to the high haze in the
transmission. The strength of the scattering sensitively depends
on the size of the pores. Clear paper has mesopores on the scale
of a few nanometers, much smaller than the optical wavelength,
which has a minimal scattering angle. In contrast, hazy papers
have additional pores hundreds of nanometers in size, leading
to much larger light scattering angles.
We have demonstrated that a dramatically different light

scattering behavior is achieved in highly transparent paper.
Since the essential material for both paper substrates is the
same, cellulose, the dramatic difference in the optical properties
results from their structures. To correlate the optical properties
with the structure of two different types of paper, we investigate
the pore distributions of the substrates with various different
techniques resolute to different length scales. Brunauer−
Emmett−Teller (BET) measurement was carried out to
characterize pores with a diameter less than 100 nm (Figure
4a). Both types of paper possess mesopores with a peak at the
same pore size of 4 nm. Although the pores are similar in both
paper substrates, hazy paper has about twice the pore volume
than the clear paper. We used a magnified AFM with a scan
area of 1 × 1 μm2 to further obtain the pore size and size
distribution for two kinds of paper (Figure 4c,d). Clear paper
shows a much denser surface containing mesopores in the
range of 10−20 nm, which agrees with the BET measurement.
Similar AFM images at different spots were taken, which did
not show pores with a size larger than the 100 nm exhibited in

Figure 3. Super hazy paper fabricated by nanowelding exhibits excellent optical properties and surface roughness. (a) In situ pressing the ionic
liquid treated paper turns a regular paper into a highly transparent and hazy paper. (b) AFM phase image with a size of 8 × 8 μm2 showing the
surface morphology of super hazy paper. Comparison of total forward transmittance (c) and transmittance haze (d) for super hazy paper,
flexible glass, and PET.
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clear paper. However, hazy paper possesses pores with a size
close to 0.5 μm.
Since the AFM image with a 1 × 1 μm2 scan area only reveals

the local structure of paper, a 3D AFM with a much larger scan
area (8 × 8 μm2) was used to investigate surface roughness and
3D morphology (Figure 4e,f) of two papers with the same
thickness (40−50 μm). The hazy paper shows a much rougher
morphology than the clear paper. The peak−valley height
difference is 9.3 nm in the clear paper and 488 nm in the hazy
paper. More AFM data that reveals the surface morphology is
found in Supporting Information (Figures S7 and S8). Cross-
sectional scan electron microscope (SEM) by breaking the
sample in liquid nitrogen reveals pores with a size of 1−2 μm
for hazy paper. Statistics counting reveals there are ∼3%
volume pores in this size range. No pores in this range were
observed in SEM images of clear paper, Figure 4g,h. We used
X-ray topography to investigate pores larger than 10 μm in hazy
paper (Video 1 can be found in the Supporting Information).
The microfiber backbone and the layer-by-layer structure are
well-defined in the hazy paper (Figure S9a,b). The BET-BJH

data shows that the regular fibers also possess mesopores
(Figure S10a), but the pore between the neighboring fibers is
mostly at ∼50 μm (Figure S10b). Note that both the clear and
the hazy paper show a much higher packing density than the
regular paper (Figure 4g,h and Figure S10). The four different
measurements, BET, AFM, SEM, and X-ray topography, at
different length scales reveal dramatically structural difference
between clear paper and hazy paper. Due to the fibrous
structure, clear paper has a mesoporous structure that is not
seen in traditional transparent substrate (i.e., glass or PET).
Hazy paper contains additional pores with a larger size (∼0.5−
1 μm), but lacks pores seen in regular paper (∼50 μm or
larger). Pores with a size ∼0.5−1 μm are close to the
wavelength of visible light, which causes the prominent light
scattering that causes a high haze value.
The transmission haze is caused by the scattering of light

through the paper, which is closely connected to its
microscopic structure. To study this connection in our
mesoporous paper, we performed full-wave optical simulations
to characterize the light scattering based on the mesostructure
measured by a 3D AFM. The AFM measurements in Figure 4
show that the spatial variation across the surface is significantly
greater in the hazy paper than in the clear paper. The RMS of
the surface height of the hazy paper is 137 nm, on the same
order of magnitude as the visible light wavelength. In contrast,
the RMS for the clear paper is only 2.6 nm. The refractive index
of the cylinders is 1.5 and the height is 200 nm for the hazy
paper (Figure 5a). We tune the distribution of the radius and
positions of the cylinders so that the RMS of the surface height
is the same as the hazy paper. Similarly, smaller cylinders are
used to model the surface morphology of the clear paper as
shown in Figure 5b. The height is 5 nm to keep the RMS the
same as the clear paper. We use Stanford Stratified Structure
Solver (S4) to solve the Maxwell’s equations in the frequency-
domain.47 Periodic boundary conditions are used with a period
of 8 μm in the lateral directions. Since the period is much larger
than the wavelengths of visible light, we expect to see a large
number of diffraction beams when light passes through the
structure. The light intensity in these diffraction directions
directly measures the strength of light scattering. To visualize
the scattering strength, we show the intensity in all forward-
diffracted directions. These directions are labeled by their
parallel wave vectors:

π=k k m n
a

( , ) ( , )
2

x y (1)

Where integers ‘m, n’ are the order number; a = 8 μm is the
period. The wave vector in the vertical direction is calculated as

π
λ

= − −⎜ ⎟⎛
⎝

⎞
⎠k k k

2
z x y

2
2 2

(2)

Where λ is the wavelength (500 nm). The direction of the wave
vector determines the propagation direction of the scattered
light. As shown by Figure 5c,d, light passing through the surface
with a large spatial variation (Figure 5a) is redistributed to a
wide range of different diffraction directions (Figure 5c). In
contrast, there is almost little light scattering (Figure 5d) for
the case of the surface with a small spatial variation (Figure 5b).
The direct forward transmission in the normal direction is
intentionally neglected in order to better visualize the scattered
light.

Figure 4. Characterizations of mesoporous structures in clear and
hazy paper at different length scales. BET-BJH pore distributions,
AFM height images (scan area, 1 × 1 μm2), 3D AFM images (scan
area, 8 × 8 μm2), and cross-sectional SEM image for clear paper are
shown in (a), (c), (e), and (g), respectively. The same character-
izations are shown for hazy paper in (b), (d), (f), and (h).
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We further show the scattering of light over the entire visible
wavelength range for these two different paper models. Figure
5e shows the amount of the light scattered by the structures, i.e.,
transmission haze, in Figure 5a,b assuming light is incident at
the normal direction. It can be clearly seen that the surface with
large spatial variation (Figure 5a) scatters light strongly (solid
line Figure 5e), causing the paper to appear hazy. On the other
hand, the surface with small spatial variation surface (Figure 5b)
has extremely weak light scattering and causes the high clarity
of the paper.
Paper with a large forward transmittance and controllable

scattering (being high clarity or high haze) can be used for a
range of emerging photonics and optoelectronics. For example,
super hazy transparent paper has a large angular distribution of
light scattering that can be used in optoelectronics such as solar
cells and thin-film organic light-emitting diodes, where coupling
of light into or out of the devices is crucial for high performance
devices. Super clear paper has a similar clarity as high display-
quality glass and plastics. As opposed to glass and plastic, clear
paper is mesoporous with simultaneous nanometer scale
smoothness. The 3D mesoporous structure in clear paper can

enable new bulk engineering routes by loading nanometer sized
molecules or flowing nanofluidic toward 3D photonic or 3D
fluidic.
Super clear paper developed here has an optical haze as low

as plastic substrates that is extremely promising for a range of
future optoelectronics. To prove that super clear paper is
compatible with the processing for commercial devices, we
demonstrated the first high-performance capacitive paper touch
screens using the processes and designs for the commercial
plastic-based touch screen. Figure 6a illustrates the structure of

a capacitive-based multipoints touch screen. The patterned
graphene layer is used as a group of electrodes and the mutual
capacitance of those electrodes is monitored by a designed
circuit. The human fingers function as the other electrode to
form the local capacitor. Local capacitance upon touch can
introduce an electrical signal to identify touch position.
Compared to a resistive touch screen, the capacitive touch
screen has the advantage of higher sensitivity, longer life, and
response to the multipoints touch. As shown in the inserted
image of Figure 6b, chemical vapor deposited (CVD) single
layer graphene was dry-transferred onto a piece of clear paper
as a replacement for conventional indium tin oxide (ITO) as a
transparent electrode. The smooth surface of the clear paper

Figure 5. Optical simulation of light scattering of super hazy paper
and super clear paper. Top view of the structures used for the
modeling of the hazy (a) and the clear (b) papers, respectively. The
black represents a material with refractive index n = 1.5, while the
white represents empty space. The heights are 200 and 5 nm for (a)
and (b), respectively. The structure of (a) is placed on a 200 nm
thick uniform material (n = 1.5). (c and d) The distribution of
scattered light when a normally incident light passes through the
structure (a) and (b), respectively. Data is shown in percentage of
incident light energy. (e) The spectra of scattered light for hazy
paper (solid line) and clear paper (dashed line) in visible
wavelength range.

Figure 6. Super clear paper based multitouch screen with a thin
layer of graphene as a conducting electrode. (a) A schematic of
paper based multitouch screen. (b) Optical transmittance of whole
device. The inserted schematic shows the dry transferring process
for graphene on clear paper. (c) Picture of a highly flexible,
invisible paper touch screen. (d) The zoomed-in image to show
detailed graphene electrodes and metal contacts patterned by laser.
The red dash line is drawn for guiding eyes. (e) Schematic showing
the procedure of laser cutting graphene on paper. (f) Measurement
of linearity of paper touch screen.
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leads to an excellent performance of the graphene-on-paper,
with a sheet resistance of 445 Ohm/sq and transmittance of
89% in the visible range (Figure 6b). The dry-transferred
graphene on paper has a similar performance to that of plastic,
which confirms its compatibility for processes.37

A working paper touch screen device with a size of 2.5 × 4
in.2 is demonstrated, which shows excellent flexibility and high
clarity (Figure 6c). Detailed fabrications processes can be found
in the Materials and Methods. A metallic film with the thickness
8 μm was printed at the edges of the defined area of graphene
electrodes by screen-printing of silver paste. A laser beam was
applied to sputter the metal frame into metal lines and cut the
graphene area to form patterns (Figure 6d, Figure S11), where
the red dotted lines guide the laser burning path. Any two
adjacent burning traces define a graphene electrode, which is
connected with an aforementioned metallic line patterned by a
laser too. The laser is a solid state fiber laser with a wavelength
of 1064 nm. We used a 2 W laser power for patterning
graphene which schematically shows in Figure 6e and 8 W for
patterning silver contacts. The integrated driving circuit is
bonded with metal contacts on paper at the end of the module.
Clear paper shows excellent compatibility with various device
fabrication processes that are optimized for plastic dry-transfer,
screen printing, laser cutting, and metal contact integrations.
Figure 6f shows our test on the linearity, an important

parameter to reflect the performance of a touch screen. For a
qualified touch screen, when a human’s finger moves along a
straight line, the device incorporated with the touch screen
should respond to the exact locations where the finger passes.
In the picture, the blue line drawn on paper under the touch
screen was used for guiding the movement of a finger (a red
arrow highlights the direction of the movement of a finger) and
the image on the computer screen shows the response of the
touch screen embedded in a testing module. The green dot on
screen indicates the line section, where a finger has passed. The
graphene-on-paper based touch screen has as excellent linearity
as a high-quality commercial touch product. The mechanical
durability test by bending shows no degradation of graphene
quality after 10 000 times, which is more durable than the ITO
on plastic (Figure S12). The as-fabricated touch screen is very
flexible and its sensing performance is comparable to a regular
commercial touch screen, Video 2 and Supporting Information
Figure S13). The demonstrated capacitive graphene-on-paper
touch screen can be used for emerging flexible display and
touch module, which is urgently demanded in custom
electronics but cannot be achieved by current touch screen
technology based on ITO on plastics. While clear paper-based
touch screens is as durable as its plastic counterpart, the entire
device can be dissolved in water if required (Video 2 in
Supporting Information). This is extremely attractive for
consumer electronics, as the large demand worldwide is posing
a great environment concern.
While super clear paper is extremely promising for high-

resolution displays and optoelectronics, super hazy and
transparent paper can offer an extremely effective light coupling
when forward light scattering is preferred. The distribution of
transmitted light through the super hazy paper was measured
(Figure 7a), where 90° is the normal direction to the paper
substrate. Note that most of the light is scattered away from the
normal direction. The highly transparent and meanwhile hazy
paper can effective couple light in or out for optoelectronics
devices, such as solar cells and organic light emitting diode
(OLED). As shown in Figure 7b, the emitted light in OLED

device can be coupled out more effectively due to the
antireflection effect of the hazy paper, which can, in turn,
potentially increase the lighting efficiency. Similar advantage is
expected for outdoor displays where glaring is always a problem
due to the brightness of the ambient environment. Figure 7c,d
shows that simply laminating a transparent and hazy paper on
the OLED watch can effectively remove the glare effect.

CONCLUSION
In conclusion, this study provides the demonstration that
precise control of the cellulose fiber dimensions enables paper
substrates with a diverse range of unique optical properties. We
experimentally and computationally investigate the relation
between the mesoporous structure and its optical properties,
and conclude that a three-dimensional network of cellulose
fibers exhibit optical properties directly related to the fiber size.
A network of smaller fibers forms a near perfectly clear
transparent paper with haze <1.0%, while a network of larger
fibers forms an entirely hazy transparent paper with haze >90%.
A 2.5 × 4 in.2 multitouch touch screen was fabricated with
graphene transferred on super clear paper, which demonstrates
excellent process compatibility of transparent paper toward
device integrations. Effective light coupling and antiglare effect
was also demonstrated for super hazy paper in OLED lighting.
Mesoporous transparent substrates made of wood cellulose
fibers will enable a new era of paper photonics, electronics, and
optoelectronics that are not possible on other transparent
substrates.

MATERIALS AND METHODS
Fabrication of Super Clear Paper. An aqueous TEMPO

oxidation system first proposed by Isogai and colleagues was utilized
to pretreat the bleached softwood pulp,48−52 and for details, readers
can refer to our previous papers.30,31 Briefly, 1.0 wt % TEMPO-
oxidized wood pulp was passed twice through thin z-shaped chambers
with channel dimension of 200 μm in a Microfluidizer processor under
a process pressure of 25 000 psi (M110 EH, Microfluidics, Inc., USA).
The obtained CNF was diluted to 0.2 wt % with distilled water and
kept stirring by a magnetic stirrer for 2 h to ensure the complete
dispersion of CNF. Afterward, diluted CNF suspension was

Figure 7. Light scattering and coupling in optoelectronics of super
hazy paper. (a) Angular distribution of forward light scattering in
transparent and super hazy paper; (b) enhanced light output by
transparent and hazy paper in OLED device; (c and d) OLED
display with and without super hazy paper coating, respectively,
where hazy paper removes the glare effect.
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centrifuged at the speed of 3000 rpm/min for 20 min to remove large
cellulose bundles. The supernatant was transferred into a bottle via
pipet. The purified CNF suspension was poured into a nonstick
container and dried in a controlled chamber.
Fabrication of Super Hazy Paper. A regular paper with a

thickness around 90 μm was fabricated by a vacuum filtration method
with a well-dispersed suspension of southern yellow pine fiber. The
dried sheet was immersed in BMIMCl ionic liquid at 90 °C for 15 min
and then transferred to a hot-press for an additional 1 h treatment.
After that, the sample was immersed in methanol (Sigma-Aldrich,
USA) for 8 h to remove ionic liquid residue. After a rinsing step, the
paper sheet was cold pressed and dried. The final paper has thickness
of ∼40 μm.
Fabrication of Touch Screen Graphene-on-Clear Paper. The

fabrication process of the super clear paper/graphene touch screen is
described below: (1) Graphene was grown on a Cu foil by CVD using
methane as a precursor at 1030 °C. (2) For transferring graphene to
super clear paper, thermal release tape was applied on the front side of
graphene/Cu structure first, then oxygen plasma was used to etch the
graphene at the back side of graphene/Cu structure, followed by
dissolving the Cu foil in Fe(NO3)3. The thermal release tape/graphene
structure was then laid on a super clear paper and heated at 100 °C to
release the graphene from the thermal release tape onto the super clear
paper, as illustrated in the inset image in Figure 6b. (3) The bilayer
structure of graphene/clear paper was used to fabricate capacitive
touch screens, where the graphene film was patterned as a group of
electrodes.
Characterization. The optical properties of the paper were

measured using a UV−vis Spectrometer Lambda 35 containing an
integrating sphere (PerkInElmer, USA) based on standard
ASTM1003-92 “Standard Method for Haze and Luminous Trans-
mittance of Transparent Plastic”. Surface characterization was
performed using a Veeco multimode scanning probe microscope
(SPM) with NanoScope V controller with a model SNL-10 silicon-on-
nitride tip (Veeco) using a drive frequency of ∼75 kHz and a spring
constant of 0.58 N/m. Prior to imaging, paper samples were mounted
on magnetic sample disks using double-sided tap. Scans were collected
over areas ranging from 500 nm2 to 8 μm2 at a scan rates of 0.46−0.92
Hz. Image data were processed by planar background subtraction
using Nanoscope Analysis software, version 1.4 (Bruker). Partially
dissolved paper was characterized with a Hitachi SU-70 FESEM field
effect scanning electron microscopy (SEM), performed using a Jeol
JXA 840A system (Jeol Instruments, Tokyo, Japan) running at 5−10
keV. The paper surface area was measured with a Micromeritics
TriStar II 3020 Porosimeter Test Station. The paper pore distribution
was measured with a Micromeritics TriStar II 3020 Porosimeter Test
Station. The range of measurable pore sizes is between 1.7 and 120
nm. The Barrett−Joyner−Halenda (BJH) adsorption average pore
algorithm is used for evaluation. The hazy paper was tested in a
Skyscan 1172 μCT for morphology analysis. The sample was scanned
without a filter under 40 kV at 1.0 um pixels. The 3D images were
reconstructed in NRecon. Touch screen performance was tested on
TP Tool SIU board module operated by software FT Touch Studio.
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