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ABSTRACT: Nanocellulose is a biogenerated and biorenewable organic material. [FRRIIN: Fiim "
Using a process based on 2,2,6,6-tetramethylpiperidine-1-oxyl (TEMPO)/NaClO/
NaBr system, a highly translucent and light-diffusive film consisting of many layers
of nanocellulose fibers and wood pulp microfibers was made. The film
demonstrates a combination of large optical transmittance of ~90% and tunable
diffuse transmission of up to ~78% across the visible and near-infrared spectra. The
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detailed characterizations of the film indicate the combination of high optical
transmittance and haze is due to the film’s large packing density and microstructured surface. The superior optical properties
make the film a translucent light diffuser and applicable for improving the efficiencies of optoelectronic devices such as thin-film

silicon solar cells and organic light-emitting devices.
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B INTRODUCTION

Nanocellulose as a biogenerated and biorenewable material has
recently attracted a lot of interests and development efforts due
to its exciting properties and potential applications.' > It can be
extracted from many cellulose-containing materials with the
most common source being woods. Natural wood fibers have
unique hierarchical and hollow structure.”” One tracheid cell
wall is composed of dozens of nanofibers.”” Using mechanical
methods such as homogenizer, microfluidizers, and grinders,
nanocellulose fibers can be fibrillated from the wood-based
pulps.'°~"* However, the mechanical processes consume large
amounts of energy. To reduce the energy consumption,
different methods such as enzymatic pretreatment,'>'”
carboxymethylation," and 2,2,6,6-tetramethylpiperidine-1-oxyl
(TEMPO)-mediated oxidation'®™"" have been introduced.
TEMPO can selectively oxidize the hydroxyl group at C6 in
the glucose unit to carboxyl group. The tracheid cell wall in the
wood pulps is swelled, corrupted, and even partially unzipped
after the TEMPO treatment. The TEMPO-processed nano-
cellulose film (NCF) has very fine fiber diameters (5—20 nm)
and a large packing density. The cavities initially existing
between the neighboring native wood pulps can be dramatically
removed. Therefore, the NCF film can achieve a very high
optical transparency.”” Nanocellulose film made of different
diameters of nanocellulose fibers can also show a large haze due
to the light scattering of the nanofibers.”'

Here, we present our original optical characterizations of a
thin film made of TEMPO-treated nanocellulose fibers mixed
with wood pulp microfibers as a translucent diffuser and their
potential application to couple the light in solar cells and
organic light emitting diodes (OLED). The hybrid film shows a
large optical transmittance of ~90% across the visible and near-
infrared spectra, and a tunable diffuse transmission of up to
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~78%. The superior optical properties are attributed to the
film’s large packing density and microstructured surface. The
accelerated UV exposure applied on the film also indicates the
UV stability of the film. Films or substrates with such high
optical transmittance and haze are useful for improving the
optoelectronic devices. For example, thin-film crystalline Si
solar cells have the advantages of using less materials and
requiring lower quality (carrier diffuse length relaxation) in
comparison to the standard thick Si solar cells. However, one
major issue for thin-film Si is the incomplete light absorption.*”
The conventional pyramidal textures on the Si surface require
the roughness of a few micrometers and alkaline solution
etching, both of which are difficult for the very thin Si films.”>**
Plasmonic nanostructures can be applied to enhancing the light
absorption of the Si thin-film solar cells.”>~>" However, these
structures generate light absorption which converts to heat
waste, and the fabrication processes for the nanostructures are
not cost-effective. Here, we use the nanocellulose-based film as
a translucent diffuser to increase the thin-film Si’s light
absorption and photon-current density. Another example is to
enhance the light outcoupling efficiency of OLED lighting
device. Due to the refractive index mismatch between the
standard glass substrate and air, about 20% power of the output
light is trapped in the glass substrate as the substrate modes.””
Different techniques such as applying microlens array, adding a
light-scattering layer and applying low-index silica aerogel have
been applied to improving the light extraction.””*" Here, we
apply the light-diffusive film made of nanocellulose as the light
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extraction layer on the glass substrate and improve the
illuminous efficacy by almost 15%.

B EXPERIMENTAL SECTION

Wood pulps were from a bleached sulfate soft wood pulp (Southern
Yellow Pine). They were dispersed in distilled water with a
concentration of 1% in which sodium bromide and TEMPO were
dissolved (10.0 and 1.6 wt % respectively). The nanocellulose fibers
were fibrillated based on TEMPO-mediated oxidization and
homogenization. Detailed nanofibrillation processes can be found in
previous references.’>*> A high-pressure homogenization procedure
with a Microfluidizer processor M110EH (from Microfluidics Ind.,)
was applied in the process. The mixed suspension was formed by
dispersing the wood pulps into 0.1 wt % nanocellulose fibers
suspension, and stirred for 10 min to form uniform hybrid dispersion.
The suspension was then drop-coated on a clean glass substrate and
was dried for overnight at room temperature. To form an even thicker
coating, we dropped another suspension onto the surface of the
coating again. To form a thicker translucent film without any substrate,
we filtered and dried the suspension between two filter papers under
pressure at room temperature.

The optical transmission and reflection spectra were measured with
an integrated sphere setup using the spectrometer Lambda 900 UV/
vis/NIR spectrometer. 3-D optical surface profilometry was performed
on the film using Zygo NewView 5000 model. The height range is
from 1 nm to 5 mm, and the lateral range is from slightly less than 1
um to centimeter (cm) scale if necessary. Mercury intrusion
porosimetry was conducted on the samples to assess porosity in the
3 nm—400 pm region. Outgassed samples were charged to the
calibrated penetrometer cell of the Micromeritics AutoPore III. The
penetrometer was sealed, installed in the instrument and placed under
vacuum. Mercury was admitted to the penetrometer at gradually
increasing pressure from 0 to 413 MPa (0—60 000 psia) and intrusion
was recorded (64 data points) and analyzed via the Washburn
Equation with a contact angle value of 130° and surface tension of 485
dyn/cm to generate pore size/volume distribution.>* The porosity is
calculated by

z.v
—= X 100

T

porosity (%) =

where Y, V is the sum of the volume increments over the pore size
range of interest, AV is the total pore volume, and p is the density of
the sample.

For light scattering applications for solar cell devices, we purchased
a superthin flexible Si wafer (~10 pm thick) from Virginia
Semiconductor, Inc. The wafer was optically smooth on both sides,
and only partially absorbed the sun light due to the limited thickness.
The diameter of the wafer is 1 in. The translucent film was coated on
the thin wafer supported by a glass slide with the aid of a drop of the
mixed suspension. The light absorption spectra of the wafer were
measured before and after applying the mixed nanocellulose solution
on the surface of the wafer. The photocurrent densities generated by
the Si wafers were calculated using semiconducting thin film optics
simulation software (Fluxim, Inc.). To apply the film for OLED
outcoupling improvement, the film was laminated on the glass
substrate using index-match oil (n ~ 1.5). The OLED device was
fabricated within DuPont. Before and after applying the film, the
characteristics of the OLED device including current density-bias
voltage and luminous efficacy-bias voltage were measured. The
wavelength of the OLED light was S60 nm (green light), and the
pixel area was 94 mm?.

B RESULTS AND DISCUSSION

The mixed nanocellulose and wood pulp solutions and films are
made from the southern yellow pine soft wood pulps based on
the TEMPO/NaClO/NaBr process. (The detailed experimen-
tal steps are found in the Experimental Section.) Films of
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different thicknesses are formed by coating and drying
nanocellulose solutions on a piece of standard glass slide
substrate. The translucent film without substrate is formed by
drying between two filter papers under pressure at room
temperature. Visible and near-infrared spectroscopic measure-
ments are applied to measuring the transmission and reflection
spectra of the samples. Figure la shows the total and diffuse
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Figure 1. (a) Total transmission and diffuse transmission spectra for
different coatings of nanocellulose-based film on glass substrate and
nanocellulose-based translucent film; (b) two different thicknesses of
film coatings on glass substrates illustrating the translucent effect; (c)
the optical constants of the translucent film by ellipsometry
spectroscopic measurement.

transmission spectra of two different thicknesses of nano-
cellulose films (average thicknesses of ~10 and ~20 ym) on
glass substrates, and a thick translucent film (average thickness
of ~40 um) without a substrate. All the translucent coatings
and film have shown a very high total transmission (solid red,
green, and blue lines) which is close to that of a glass substrate
(solid black line) due to the close match of refractive index with
glass substrate. On the basis of our angled spectroscopic
ellipsometry measurement (Figure 1c), the refractive index of
the coated nanocellulose film is ~1.56 in the visible region,
which is close to the glass (n ~ 1.45). The red, green, and blue
dash lines show the measured diffuse transmission for the three
samples. By varying the thicknesses of the films (the numbers
of coating layers), the diffuse transmission (or haze) can be
significantly tuned. The diffuse transmission can reach as large
as ~78% by forming a thick translucent film. The haze of the
films is mostly originated from the light scatterings due to the
surface roughness of films, which will be further discussed
below. Figure S1 (Supporting Information) shows typical three-
dimensional (3-D) height mapping and the extracted root-
mean square (rms) of surface roughness of the three films’
surfaces using optical profilometer. The rms of the films is in
the range of 2—5 yum, and the diffuse transmission increases as
the surface roughness increase. The lowest black dashed line
shows the diffuse transmission of the glass substrate, which is
close to zero (mostly including the diffuse transmission from
both glass substrate and instrument error). The optical
absorption of all these samples is also measured and very
close to zero, which is expected because cellulose has no light
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absorption in the visible and near-IR regions.*® Figure 1b shows
an example of the two different translucent coatings on glass
substrates illustrating the transparent and haze effect.

To understand the large optical transmission and diffuse
transmission, both top and cross-sectional scanning electron
microscope (SEM) images have been taken on the coated film
on the glass substrate (Figure 2a—c). On the surface of the film,
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Figure 2. (a) SEM top view of the hybrid film made of nanocellulose
fibers and wood pulps; (b) SEM cross-sectional view of the hybrid film
on a glass substrate; (c) enlarged SEM cross-sectional view of image b;
(d) AFM height view of the nanocellulose fibers between the wood
pulps; (e) mean pore diameter distributions of the translucent film
measured by mercury intrusion porosimetry.

the microscale wood pulps (diameters of ~20—40 ym) can be
clearly seen. The random distributions of them result in the
film’s surface roughness which is good for light forward-
scattering and diffusion. Nanocellulose fibers (diameters of
~5-20 nm) are filling the microcavities between the wood
pulps, which helps avoid the backward light scattering and
reflection. From the SEM cross-sectional views, the film seems
to have dense layered structures. It also shows a microscale
thickness fluctuation due to the random distributions of wood
pulps. Figure 2c shows the enlarged SEM view of the film. Very
dense layered structures containing the nanoscale fibers can be
seen. Figure 2d is the atomic force microscope (AFM) height
view of the surface area between the wood pulps. The
nanocellulose fibers have very small diameters (comparing to
the wavelengths of the visible light) and are very densely
packed which reduces the pores in the film. On the basis of
AFM height data, the surface roughness of the nanocellulose
fibers is only ~4.4 nm. Mercury intrusion porosimetry has also
been applied to measuring the porosity of the translucent film.
Figure 2e shows the extracted mean pore diameter distributions
of the translucent film. As expected, the film shows very small
volumes of the microscale and nanoscale pores. The measured
skeletal density (after compressibility correction) of the film is
~1.58 g cm™>, and the calculated internal porosity of the film
including all the pores with the diameters from 3 nm to 5 ym is
only ~0.6%. This result confirms that the film has a very large
packing density due to the filling of the nanocellulose fibers,
and the dense film results in a very large optical transmission
and avoids the strong back-forward light scattering found

within a normal paper. It is generally known that there are two
routes to obtain or increase organic film haze: (1) by
inhomogeneous internal scattering and (2) by surface
scattering, such as surface roughness.”® The highly dense
nature of the film indicates that the strong light scattering is due
to the surface scattering caused by the surface roughness from
the microscale wood pulp fibers.

Because of the large total and diffuse light transmission, the
translucent film can be applied to increasing the light’s path
length in the thin-film crystalline Si film and improving the light
absorption especially for the long wavelength which has smaller
absorption coefficients. Figure 3a shows a schematic of the
nanocellulose translucent film coated on the thin Si wafer to
illustrate the light trapping effect. Figure 3b shows the
measured light absorption spectra by a 10 pm thick ultrathin
and smooth Si wafer with and without the nanocellulose film
coating ~40 um thick. With the translucent diffuser on the
surface of the ultrathin Si wafers, the light absorption is clearly
improved. Assuming the carrier collection efficiency to be one
for such a thin silicon wafer, the photocurrent current density
can be calculated by integrating the light absorption spectra
with Solar AM 1.5G spectrum. Figure 3¢ shows the calculated
photocurrent densities generated from different thicknesses of
Si with and without the translucent film. Due to the increased
light path length inside the thin Si wafer and the reduced
reflection, the photocurrent density can be improved by ~13%.
The UV stability is critical for translucent films being applied in
solar cells. The film has been tested under 50X concentrated
solar lamp to accelerate the UV exposure. The total
transmission and diffuse transmission spectra of the film
under different hours of exposure are shown in Figure 3d. The
results have shown that the film is stable even after 12 h of
continuous exposure at an intensity of 50 Suns, which indicates
the film’s UV stability. The translucent film composed of wood
pulps and nanocellulose fibers also has a good thermal stability
up to 200 °C.”” The excellent UV, thermal stability and strong
translucency of the film are beneficial for solar cell applications.

The translucent diffuser can also be applied to improving the
light extraction from OLED device because of its strong light
transmittance and scattering properties. The translucent film of
~40 pm thickness has also been applied on the rear side of the
glass substrate of a finished OLED device emitting green light
(~560 nm) with the aid of index matching oil (n ~ 1.5). Before
and after the film’s coating, there is no difference for the
intrinsic performance of the OLED device. Figure 4a shows the
current density—voltage curves of the device with and without
the film (inset shows the schematics of the translucent film as
an outcoupling layer on the OLED). Due to the improved light
extraction, the device’s light output power and illuminous
efficacy are improved (Figure 4b). The largest efficacy
improvement is almost 15% (from ~56.77 Im/W to ~65.12
Im/W) at the bias of ~2.4 V with the film coated on the
substrate. This method is useful for improving the OLED
efficacy for the application of lighting. Comparing with other
light outcoupling methods, the fabrication process is large
scalable, low cost, and the material used is earth abundant and
sustainable. The improvement mechanism for OLED devices is
mostly due to the translucent film’s strong light diffusion
property, which helps extract the trapped light more efficiently.
This method of combining nanocellulose-based film with glass
substrate also has the advantages of maintaining the glass
substrate’s smoothness and barrier properties to benefit OLED
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Figure 3. (a) Schematic illustration of the nanocellulose translucent film coated on the thin Si wafer to illustrate the light trapping effect; (b)
absorption spectra of 10 ym thick, smooth Si wafer with and without the nanocellulose-based film coating; (c) calculated photocurrent densities with
different thicknesses with and without the film; and (d) total and diffuse transmission spectra of nanocellulose-based film under an intensity of SO
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Figure 4. (a) Current density—voltage curves of a green OLED device
with and without nanocellulose-based film being applied on the rear
side of the glass substrate; (b) illuminous efficacy-voltage curves with
and without the film.

devices, in comparison to previously reported method of using

only nanocellulose film as a substrate.”**

B CONCLUSIONS

We have presented a nanocellulose-based film as a strong
optical translucent diffuser. The film is made of nanocellulose
fibers and wood pulp microfibers. Due to the large packing
density and microstructured surface, the film exhibits a large
optical transmittance of ~90% with a tunable diffuse trans-
mission up to 78%. The superior combination makes it useful
for applications of many optoelectronic devices, such as
improving the light absorption of thin-film silicon solar cells
and light extraction of OLED devices.
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