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Enhanced Circularly Polarized Lasing in Nanocellulose-Silica

Composites

Sunghwan Jo,* Irene Estévez, Angel Lizana, Juan Campos, and Agustin Mihi*

Crystalline nanocellulose (CNC) is a nanometric form of cellulose known for
its cholesteric structure, imparting circular dichroism to the material. CNC
has been used in many photonic applications, exploiting its chiroptical
properties to produce circularly polarized photoluminescence. In this work, an
insightful characterization of the polarimetric response of nanocrystalline
cellulose created through the scalable process of vacuum filtration is
performed. This study confirms the strong dichroic character of the
nanocellulose films but also reveals a significant linear dichroism
contribution, which in turn limits the use of the material to produce a higher
degree of circularly polarized light. Here, it is demonstrated that the
incorporation of silica nanospheres into the CNC matrix significantly reduces
the linear dichroism in the film. More importantly, the decrease in linear
diattenuation correlates with an increase in circular dichroism, leading to
samples with improved performance as circular polarizers (circular
diattenuator). The enhanced chiroptical response of the silica-nanocellulose
composites is demonstrated by building a chiral lasing system consisting of a
thin layer of resist containing an organic dye (rhodamine B) enclosed between
two layers of nanocrystalline cellulose. A maximum photoluminescence
dissymmetry factor of 0.57 is observed at the wavelength of 611 nm.

methods for generating circular polariza-
tion, free from these restrictions, include
the use of different photonic nanostruc-
tures combined with active media,>! or
directly producing chiral luminophores via
chemical approaches.l'®12] Circularly po-
larized lasing systems have also been de-
veloped, for instance, by combining or-
ganic dyes with chiral plasmonic colloids!*?!
however, the highest fractions of CP light
have typically been achieved by embed-
ding the gain media within the chiral ne-
matic structure of a cholesteric liquid crys-
tal (CLC).I}] This latter approach achieved
up to a 50% polarization asymmetry, as in-
dicated by photoluminescence dissymme-
try factors (g,,) exceeding 1(gy,,, = (I cp-
Incp) /0.5 (I cp+Igcp)). However, working
with CLC requires additional insulating lay-
ers to prevent leakage of the CLC and to en-
sure the structural integrity of the device.

Among the materials showing a
CLC phase, crystalline nanocellulose

1. Introduction

Circularly polarized (CP) light has received significant attention
over the past few decades for its use in fields such as advanced
optical communication,[!l data storage,[?! 3D displays,*] and even
medical imaging and therapeutic techniques,'*) where the prop-
erties of polarization can have a crucial impact. CP light can be
generated by placing different optical components after an un-
polarized light source, however, this strategy necessarily intro-
duces brightness losses and limits device miniaturization. New
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(CNC) stands out for being a cellulose

derivative, the most abundant biopoly-

mer in nature'¥! CNC is a needle-like
nanoparticle (NP) that can be obtained through mechani-
cal, chemical, or enzymatic treatments performed on raw
cellulose.l"*15] Dried CNC has no absorption in the visible spec-
tral range,['®! still CNC films display structural color and circu-
lar dichroism (CD) originated by the self-assembled cholesteric
structure which consists of a left-handed helix with several hun-
dred nanometers pitch. CNC films have quickly been sought
for its nature-originated aspect and CD properties. The opti-
cal properties of CNC films can be tuned by altering the heli-
cal pitch length or the alignment of the nanocrystals by adding
polymers,[*8] sonication energy,1*?% external electric or mag-
netic fields,?'??l and pH.[2}] The chiral-responsive structural
color can be exploited for biodegradable pigments,[** colori-
metric sensors,!®! chiroptical waveguides for telecommunica-
tion fiber technology,?°! and information encryption.!’] Further-
more, CNC can be mixed with metal nanoparticles?’] or a host
of fluorophores to produce right-handed CP light!?8-32 very effi-
ciently. Lasing in CNC films has been also shown to exhibit a no-
table degree of circular dichroism,**l however, the fraction of po-
larized PL observed is still below those measured in CLCs, indi-
cating the need for a novel approach to enhance it. In general, the
polarizing capability of a medium is assessed in terms of Kuhn’s

© 2025 Wiley-VCH GmbH
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Figure 1. a) Schematics of self-assembled CNC: a bare CNC film versus a SiO,-CNC composite. The left-handed cholesteric structure of the CNC shows
a circular dichroic response, which can be combined with the high scattering of 600 nm SiO, NPs. Photographs and SEM images from b) CNC film, and
¢) SiO,-CNC composite (with [SiO,] = 4 wt.%) films. d) Transmittance spectra under LCP and RCP light and their corresponding dissymmetry factors
(g-factors) for a bare CNC film and e) SiO,-CNC composite films with different [SiO,] = 1.25 wt.%, f) 2.5 wt.%, and g) 4 wt.% respectively.

dissymmetry factor or g-factor, which quantifies asymmetries in
the extinction of light passing through the material.

However, a more complete characterization of the optical
response, albeit less commonly used, of the material can be
achieved by using the Mueller matrix (MM) description. In the
context of CNC, only a few studies in the literature have exam-
ined this material using the MM framework.!?7:3334]

In this work, we use Mueller matrix characterization to un-
derstand the optical response of CNC films made by the scal-
able approach of vacuum filtration. The polarimetric study re-
vealed that in addition to the strong circular dichroism response
from the CNC films, a relevant linear dichroism component is
also present, thus limiting the purely chiroptical response of the
material. Here, we exploit the resilient character of circular po-
larization over other polarization states. To achieve this, we in-
corporate silica nanospheres into the CNC matrix as scatterers,
selectively reducing the linear dichroic contribution. Our silica-
CNC composites show an improved g-factor and negligible lin-
ear dichroism in polarimetric studies than bare CNC films. Next,
these silica-CNC films are utilized to provide optical feedback
from a rhodamine B (RhB)-doped photoresist thin film, enabling
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the generation of chiral lasing emission. We assessed the light
amplification effect induced by the 600 nm SiO, NPs by mea-
suring the pumping energy-dependent photoluminescence (PL)
for different sphere concentrations. Also, we characterize the an-
gular dispersion and directionality of the lasing emission. The
PL from the dye showed a substantial degree of g, .. up to 0.6.
Moreover, the SiO,-CNC lasing systems provide a preferential
left-handed CP light feedback, which results in a positive g, co-
inciding with the reflection band associated with the CNC-based
light amplification effect.

2. Results and Discussion

CNC films featuring a left-handed cholesteric structure were fab-
ricated via a vacuum filtration method, a method much faster
than the evaporation-assisted self-assembly process (4 h vs 3
days), rendering CNC films that can be easily handled and trans-
ferred onto other surfaces.?") We selected vacuum filtration over
self-assembly for producing CNC films due to its superior scal-
ability, less production time (from several days to a few hours),
and suitability for consistent and large-scale manufacturing./?”)

(2 of 10) © 2025 Wiley-VCH GmbH
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We produced a series of CNC films (50 um thickness) contain-
ing different concentrations of 600 nm-diametered SiO, spheres
(from 0 to 4 wt.%) (Figure 1a) previously produced by the Stéber
method (See Experimental section).3°] The role of the silica beads
in the CNC matrix is to reduce the linear dichroism contribution,
thus increasing the degree of CP obtained.3¢37]

Bare CNC films exhibit high transparency (Figure 1b), which
gradually diminishes with the incorporation of SiO, nanospheres
into the CNC matrix (Figure 1c). It is worth noting that for the
silica concentrations considered in this study, the incorporation
of the 600 nm SiO, spheres in the CNC matrix does not in-
duce any phase separation or disrupt the cholesteric structure
(Figure 1c). The first transmittance measurements were per-
formed using a custom optical setup, measuring the transmit-
tance for both left and right-handed circular polarized light (LCP
and RCP, respectively) through the composite films (Figure S6,
Supporting Information). From these measurements, we calcu-
lated the dissymmetry factor (g-factor) using the formula: g = (T} -
TR)/0.5"(T;+Ty), where T; and Ty are the transmittance by LCP
and RCP input light.’] Increasing the silica content in the 50 pm-
CNC film reduces the overall transmittance, especially for the
LCP light, which at 600 nm significantly decreases from 47.2% to
2.3% (for the RCP light a reduction from 74.7% to 5.7% is found),
which results in a negative g-factor (Figure 1d—g) that increases
with the concentration of SiO, NP (g-factor = —0.54 for 0 wt.%,
and —0.64 for 1.25 wt.%, —1.10 2.5 wt.%, and —1.34 for 4 wt.%
at 600 nm). Further increasing the SiO, NP concentration over
4 wt.% makes the film brittle, causing it to break and preventing
further assessment of potential saturation effects.

The transmittance results show how the g-factor increases by
adding the SiO, scatterers. For a better interpretation of this re-
sult, the previous study is complemented with a polarimetric
analysis.

Within the Mueller—Stokes formalism framework, the Mueller
matrix, a 4 X 4 matrix with real elements, is a powerful tool
for analyzing the main polarimetric features of samples, such
as dichroism, birefringence, or depolarization. This 4 X 4 ma-
trix provides a comprehensive description of polarimetric light-
matter interactions, including changes in the polarization state
produced by the medium. The Mueller matrix encodes all the
physical characteristics related to the polarization of a sample.
These can be analyzed through a set of polarimetric observables
with clear physical interpretation, which can be directly deduced
by operating on the Mueller matrix elements, as can be the case
of the depolarization index (P,) to analyze global depolarization
induced by the media or the Diattenuation vector (D), repre-
senting the dichroism features of the sample, among others. A
full description of MM, including theoretical background, can be
found in the experimental section Supporting Information. In
this work, we implemented MM analysis to further investigate
the left-handed and right-handed circular polarization transmis-
sion asymmetry seen in the CNC/SiO, composite films through
the above-stated g-factor measurement, as well as some inher-
ent polarimetric features contributing to this dependence. The
experimental MM images were acquired by a custom-built optical
setup (Complete Mueller matrix imaging polarimeter) consist-
ing of a polarization state generator, a polarization state analyzer,
and a 633 nm LED source with a bandpass filter in the transmis-
sion mode (Figure S3, Supporting Information). As stated above,
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in order to relate experimental MMs to the physical properties
of the samples, appropriate data processing is essential. In this
work, we retrieved three main characteristics of the samples, g-
factor (closely connected to circular diattenuation), linear diat-
tenuation (D,), and P, (to estimate global depolarization capa-
bility), from the MM images. The original MM images can be
found in Figure S3 (Supporting Information). The depolarization
index P, is a well-known metric in depolarizing analysis and can
be understood as a generalization of the degree of polarization
in light beams applied to the depolarizing capability of the sam-
ples inspected. P, ranges from 0 to 1, taking values of 1 for non-
depolarizing systems and 0 for a completely depolarizing system,
and can be defined as shown below,*®)

(sz:o mi) - mg
Py=y )
00
where m,, is the so-called mean intensity coefficient, which rep-
resents the ratio between the intensity of the emerging light and
the intensity of an incident unpolarized light, and m; are the
matrix elements of the MM (i = 0, 1, 2, 3). Diattenuation repre-
sents different transmittance responses of material for different
incident polarization states, enabling quantification of the polar-
izer’s efficiency or diattenuation magnitude. Then, linear diatten-
uation (D) characterizes the anisotropy of the sample in trans-
mission for inputlinear polarizations, as defined by the following
equation,

Dp=—— (2)

where m,,, m, elements describe the linear extinction at 0°/90°
and 45°/135°, respectively (0 < D; < 1). The g-factor we defined
above can be also extracted from the MM as shown below,

=2y,

g=——2 ®)

Mo

where m; is the element starting for circular dichroism.

Figure 2a presents the overall data for the g-factor, P,, and
D, of the CNC/SiO, composites as a function of SiO, NP con-
centration, compiled from Figure 2b-d. The g-factors derived
from the MM exhibit a trend consistent with those from the dif-
ferential transmittance data, supporting the enhanced circular
dichroic properties observed with increasing SiO, NP concen-
tration (Figure 2d). Notably, D, decreases significantly from 0.42
+ 0.04 at 0 wt.% SiO, to 0.06 = 0.04 at 4 wt.% SiO,. This de-
crease in D; highlights the polarization-dependent attenuation
effect in the CNC/ SiO, composites, suggesting that the addi-
tion of SiO, NPs in the CNC reduces the linear dichroism of the
composite, thereby favoring the enhancement of circular dichro-
ism. Conversely, P, remains consistent at ~0.8, indicating no sig-
nificant depolarization effect due to the SiO, NPs. From these
findings, we infer that as the SiO, concentration increases, the
asymmetry in transmitted linear polarized light becomes neg-
ligible, while the asymmetry in transmitted circular polarized
light significantly increases, providing the enhanced pure circu-
lar dichroic feature of the samples. This situation implies that, in

© 2025 Wiley-VCH GmbH
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Figure 2. a) Summary of g-factor, depolarization index (P,), and linear diattenuation (D) for CNC/SiO, composite films, all of which were obtained
from Mueller matrix analysis. All data in this table is averaged from the polarimetric images for b) g-factor, ¢) P,, and d) D, .

the absence of other significant polarimetric phenomena, dop-
ing the CNC sample with SiO, nanospheres partially converts
diattenuation from linear to circular.

In sum, increasing the SiO, concentration in the CNC matrix
results in a decreased D, of CP light transmission and a g-factor
(reaching —1.33 for 4 wt.% SiO,), which is an excellent candidate
for creating a chiral lasing device with a high degree of circular
polarization.

In previous studies, CNC has been used as host media for
different emitters to achieve chiral light emission: Phosphor-
doped latex nanoparticles, quantum dots, and rare-earth nanopar-
ticles, for instance.[8293%-*1] However, incorporating dyes into
CNC composites can present certain disadvantages, such as
phase separation due to additives, which disrupt the cholesteric
structure, agglomeration leading to low luminescent intensity
and uniformity,®%*! and in the case of carbon quantum dots,
a decrease in mechanical properties. To mitigate these issues,
one solution is to encapsulate the fluorophores in a polymer
matrix.?# In this work, our gain medium is a thin film of
Rhodamine B (RhB) doped resist, which is embedded within
two CNC films (or in CNC/ RhB/ SiO, -CNC) as depicted in
Figure 3a. This configuration of CNC/RhB/SiO,-CNC enables ex-
ploiting the scattering properties of the silica-doped CNC within
a chiral media to obtain chiral lasing seamlessly.

First, the light-emitting thin film was fabricated by spin-
coating a 250 nm layer of RhB-doped photoresist (SU8 Mi-
crochem 2000.5) onto a 50 um thick CNC film. Second, the CNC
film with RhB is transferred onto partially wetted another CNC
film (bare or SiO,-CNC), and then it is left to dry to encapsu-
late the emitting layer (Figure 3a). Finally, the system is opti-
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cally pumped through the bare CNC layer to avoid backscatter-
ing problems by SiO, NPs, and the PL is collected from the SiO,-
CNC side (Figure 3b). Full details on the fabrication of this lasing
system can be found in the experimental section and Figure S1
(Supporting Information).

In Figure 3c—f we compare the g-factor and photolumines-
cence properties of the RhB doped resist layer embedded within
CNC media versus the CNC/RhB/ 4% wt. SiO,-CNC configura-
tion. The absorption and emission characteristics of the dye, com-
pared to the dichroism properties of each system, are presented
in Figure 3c (CNC/RhB/CNC) and Figure 3e (CNC/RhB/4% wt.
SiO,-CNC). Figure 3d,f show the left-handed circularly polarized
emission (LCP-E) spectra for both systems, CNC and CNC/SiO,
(4 wt.%) composite film, respectively, as a function of energy
density. In both cases, the PL intensity increases significantly
when increasing optical fluences reaching a nonlinear charac-
ter at 92.22 uJf mm=2 for 0 wt.% and 84 pJ] mm= for 4 wt.%
SiO, concentration in the CNC back layer. This trend shows how
even in this configuration, in which the active layer and the scat-
tering media are spatially separated, light amplification due to
multiple scattering occurs. Moreover, the enhanced light ampli-
fication effect resulting from the polarization selective depolar-
ization due to the added silica nanoparticles is evident from the
change in the threshold point between 73.78 and 84.00 u] mm™>
for 4 wt.% SiO,. The PL intensity above the threshold for the
silica-containing CNC is 5 times higher than the intensity for the
bare CNC, even if it still shows a slightly lower threshold (3.2 for
0 wt.% and 3.69 for 4 wt.% SiO, -CNC, respectively).

The presence of SiO, spheres in the CNC matrix on the over-
all characteristics of the lasing emission was assessed in terms of

© 2025 Wiley-VCH GmbH

95UB017 SUOLULLOD A0 3{cedl|dde au Ag peusenob afe sapie VO ‘8sn JO Sa|nJ oy Akeiqi8UIJUO AS]IA UO (SUOTIPUOD-PUe-SUWLBIALI0D" A 1M ARe.q] [BU L UO//SdIL) SUONIPUOD pUe SWS | 8L 89S *[6Z0Z/2T/0T] Uo Ariqiauljuo AS|Im ‘| awner BISAIUN Aq 212005202 WOPe/ZO0T 0T/I0p/L0o™Aa] im Ale.q 1 pul|uo paoueApey/sdny WoJj pepeolumod ‘T 'SZ0Z ‘TL0TS6TZ


http://www.advancedsciencenews.com
http://www.advopticalmat.de

ADVANCED
SCIENCE NEWS

ADVANCED
OPTICAL
MATERIALS

www.advancedsciencenews.com

— 5
a Linear polarized
laser excitation

Active layer
(SU8-RhB dye)=%

www.advopticalmat.de

250 nm

LCP-E
Superachormatic
Linearly polarized CNC-emitter quarter N
green laser wave plate Filtered light | i
excitation (532 nm) Detected light
_________________________ ’\/\.» T/' SR
NS !
Glen - Thompson
linear polarizer
C e
o 4 10,
e 92.22 pdimm® = 83.00 pmm’
x 83.00 ydiman? x " 73.78 pdimm?
73.78 pdimen’| I 64.56 julimen’
—_ 64.56 uymm? —_ 8 —— 5533 plmm?
S 23 5 N i
s E s S, |
£ g g g |
£ & £ c 4
w 2 w 2 N N
Y c e c /\ —
8 1 — 2 2 =l N
< [ < T 2 —
4-0.5 S~——
o6 O} — ofb—m-- |
400 500 600 700 800 560 580 600 620 640 680 680 400 500 600 700 800 550 530 600 630 640 680 680
Wavelength(nm) Wavelength(nm)

Wavelength (nm)

Wavelength (nm)

Figure 3. a) Schematic of the localized feedback configuration to obtain random lasing using CNC/RhB film/CNC and CNC/RhB film/CNC-SiO, films. b)
Optical setup used to characterize the CD photoluminescence from the films. Normalized absorption (blue) and emission (red) spectra of a RhB-doped
photoresist film on a glass substrate (left) and g-factors (right) of the ¢) CNC film and e) the SiO,-doped (4 wt.%) CNC film. Photoluminescence spectra
of the d) CNC/RhB/CNC and f) CNC/RhB/ CNC- SiO, (4 wt.%) composite films under different laser power densities.

the CPL intensity and the photoluminescence dissymmetry fac-
tor (g,,) measured at different pumping energy densities. The
g1.m 18 the magnitude used to evaluate the fraction of circularly
polarized PL of a particular handedness produced by the system
and is defined as g;,,,, = (I;cp-Ircp)/0-5" (I cp+Ircp), where I; and
I, represent the intensity of left and right circularly polarized PL
emission.

According to the optical excitation fluence versus PL inten-
sity plots, the spontaneous emission from the active material be-
comes stimulated emission regardless of the SiO, concentration
in the second CNC layer. All configurations exhibit a threshold
behavior for optical pumping ranging from 73.78 to 84 uJ mm=.
Above this threshold, all systems exhibit a similar full width at
half maximum (FWHM) of 5 to 8 nm (Figure S4, Supporting In-
formation). However, the output intensity of LCP-E under the ex-
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citation of 110.67 pJ mm~2 for the CNC/RhB/ 4 wt.% SiO,-CNC
was 8.5 times higher than for the bare CNC system (Figure 3a).
This result indicates that the presence of the SiO, spheres in the
CNC matrix results in a higher lasing slope efficiency (21-fold for
the 4% silica) with respect to the bare CNC case, meaning that
the structure emits LCP light more efficiently above the thresh-
old. The different slope efficiencies (LCP vs RCP) under differ-
ent optical fluences can be found in the (Figure S5, Supporting
Information). The increase in slope efficiency does not occur in
the bare CNC system, even if higher film thicknesses (90 and
130 pm) are considered (Figure S7, Supporting Information).
Our chiral non linear emission with CNC films shows a posi-
tive g, (LCP dominant emission) unlike other CNC emitting
configurations seen in the literature, which benefit RCP light
(negative g ).12%31324] This is because the CNC films in our

© 2025 Wiley-VCH GmbH
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Figure 4. Photoluminescence intensity for Light (LCP-E) and Right (RCP-E) handed circularly polarized light and its corresponding g, (photolumi-
nescence dissymmetry factor) for CNC/Rhodamine B/CNC films with different SiO, concentrations as a function of the pumping energy density. All
CPL measurements were collected 5 times from each device. Polar plots of the left-handed circular polarization dependence were measured under
101.34 ) mm=2 pump power and collected the emission through a quarter wave plate and a linear polarizer. (a—c, d—f, g-i, and jI represent 0, 1.25, 2.5,

and 4 wt.% of SiO,, respectively).

configuration act as dielectric mirrors for left-handed light, effec-
tively providing confinement and amplification for the LCP-E.>%

The presence of silica spheres within the CNC layer also in-
creased the magnitude of the g, at higher energy densities.
Under an optical excitation of 110.67 pJ mm~2, bare CNC films
showed g, = 0.25 (Figure 4b), while it increased to 0.4 for the
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CNC- SiO, (1.25 wt.%) (Figure 4e) and CNC- SiO, (2.5 wt.%)
(Figure 4i), reaching a maximum of g;,., = 0.57 for the CNC- SiO,
(4 wt.%) system (Figure 4j). Furthermore, to evaluate the long-
term stability of the system, CPL measurements were repeated
on the same 4 wt.% device 4 months later. The CNC composite
is sensitive to ambient humidity, which may distort the structure
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under varying atmospheric conditions. However, provided that
the active layer remains intact (i.e., no delamination occurs), the
device retains ~80% of its initial PL intensity, while the lumines-
cence g, decreases by #50% (from 0.57 to 0.32), demonstrating
acceptable stability (Figure S9, Supporting Information).

Next, we investigated the circular polarization characteristics
of the photoluminescence produced in each system contain-
ing different SiO, concentrations (0, 1.25, 2.5, and 4 wt.%)
on the backscattering CNC layer. The PL traveled through a
quarter wave plate and a linear polarizer, and the intensity value
was normalized to their maximum value at 101.34 pJ mm™
and plotted with respect to the angle of the linear polarizer
(schematics in Figure S10, Supporting Information). During
the measurement, the f is converted into linearly polarized
light in which 0° corresponds to an orientation of —45° with
respect to the fast axis of the quarter-wave plate. These polar
plots for circularly polarized light indicate that the emission
transitions from less LCP light (fully unpolarized light cor-
responds to a semicircle in the plot) to a more circularly
polarized state (Figure 4c,f,i]) with increasing the silica content
in the second CNC layer. This follows the same trend as the
pumping energy density versus g, plot (Figure 4b,ehk),
supporting the g, enhancement effect as the SiO,
concentrations.

Conventional cavity lasers using metallic mirrors typically pro-
duce highly directional, non linear emissions. In contrast, our
system employs a CNC/SiO, composite as a diffusive chiral mir-
ror, which is expected to result in an emission pattern with dis-
tinct directional characteristics compared to traditional lasers.
Therefore, we investigated the angular dispersion of the non lin-
ear emission from the CNC/RhB/CNC and CNC/RhB/CNC-SiO,
films by rotating the photodetector from 0° to 85° with respect to
the normal of the sample (full details in the setup in Figure S11,
Supporting Information).

Figure 5a—d shows the evolution of the LCP-E with respect to
the angle of observation and its corresponding g, values for the
two main systems: CNC/RhB/CNC versus the best-performing
silica-CNC system, the CNC/RhB/CNC-SiO, (4 wt.%). Both con-
figurations maintain a strong emission until an observation an-
gle of 65° (Figure 5a,c). The values of the g . also decrease with
the angle of observation from 0.2 to 0.1 for the bare CNC case
and from 0.5 to 0.3 for the CNC/RhB/CNC- SiO, (4 wt.%) sys-
tem (Figure 5b,d). This behavior can be attributed to the self-
assembled structure of CNC, which resembles a chiral Bragg’s
stack with angle-dependent optical properties.[“?! Interestingly, it
is observed that the g, near the measurement angles of +20
degrees is highest for both samples (Figure 5e,f). This suggests a
trade-off point between the amplification due to light guiding in
the in-plane direction of the device and the reduction in g, due
to angle-dependent reflection as a result of increased scattering.
Indeed, it can be noted that a significantly larger emission area is
observed in both devices compared to the pumping spot (230 um
in diameter) (Figure 5g).

3. Conclusion

We have studied the exotic chiral characteristics of a lasing sys-
tem constituted by a thin layer of dye-doped-resist embedded
within two CNC layers. The scattering strength of the second
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CNC film has been enhanced by mixing in different fractions
of SiO, spheres (600 nm). The properties of the CNC and SiO,-
CNC layers were investigated in terms of their transmittance, g-
factor, and polarimetric analysis. Even after the introduction of
SiO, NPs, the cholesteric structure of the CNC assembly was
maintained, with the g-factor reaching its maximum at 1.33 for
4 wt.% thanks to a conversion of linear diattenuation to circular
diattenuation response caused by the silica-CNC composites. In
this sense D, decreased 7 times from 0.42 to 0.06 for the highest
concentration of silica considered (4 wt.%), indicating the low-
est linear diattenuation property. We then used these bare and
silica-doped CNC films to build a chiral lasing system by plac-
ing a thin layer of active material between two CNC film layers,
the second of which contained different fractions of silica. This
lasing configuration exhibited the highest g, . up of 0.6 above
its threshold by benefitting from the light amplification provided
by the SiO,/CNC layer. The chiral lasing devices showed mul-
tidirectional emission originated by the diffusive medium and
maintained their g, until 30°. This chiral laser system exploits
biopolymeric materials provided in nature, enabling it to be ap-
plied in various fields from optical communications to therapeu-
tic techniques. Moreover, these CNC-silica layers can be easily
implemented in commercial optoelectronic devices such as LEDs
to seamlessly produce chiral lasing without the need for bulky
optics.[*]

4. Experimental Section

Reagents: Rhodamine B (My, 479.01 g mol™") and Polyether-sulfone
(PES) membranes (220 nm pore size, Millipore Express PULS) were pur-
chased from Sigma—-Aldrich. Nanocrystalline Cellulose (CNC) powder (Di-
ameter: 10-20 nm, Length: 300-900 nm) was purchased from Nanografi.
Deionized (DI) water (resistivity, 18.2 MQ) was obtained from a reverse
osmosis system. The negative photoresist SU8-2000.5 (14% solid) and
the SU8-2000 thinner were purchased from MicroCHEM resists. The glass
substrates were purchased from TED Pella (Microscope slides 3“ x 2").

Fabrication and Transfer of CNC Films:  Four wt.% of a CNC stock solu-
tion was prepared by putting 25 g of CNC powder into 100 mL of DI water.
To disperse it uniformly, the dispersion was stirred overnight after an hour
of sonication in a sonic bath (2800-CPXH, Branson). The stock solution
was diluted to 1 wt.% by adding DI water. Tip sonication (VCX-500, Sonics
& Materials Inc.) was conducted with 2.5 Kj /gcyc to obtain uniform dis-
persions by breaking residual agglomerated particles and then left for 24 h
to stabilize. The 600 nm diameter SiO, spheres were synthesized by the
Stéber method, washed in water and ethanol, and dried. The silica pow-
der was added into the 1 wt.%. CNC solution targeting SiO, concentration
from 1.25. to 4 wt.%.

The CNC films were prepared by placing 15 mL of CNC solution on a
PES membrane and using a vacuum filtration system for several hours.
The membrane was transferred onto a glass substrate previously cleaned
with oxygen plasma for 10 min. After the drying process, the membrane
was carefully peeled off from the system.

Device Fabrication: The first film of CNC, the bare CNC film on glass,
was used as a substrate onto which the subsequent layers were deposited.
To make the active layer, 5.25 mg of Rhodamine B was dissolved into 1 mL
of SU&-thinner, and mixed with SU8 2000.5 photoresist (14% in thinner)
in a 1:1 ratio. After sonication in a sonic bath for 15 min, it was kept under
stirring for several hours. The RhB-SU8 mixture was spin-coated (10s at
500 rpm and 30s at 2000 rpm) onto a bare CNC film. The composite film
was heated on a hotplate at 60 °C for 2 min to remove residual solvents.
Next, the sample was cured under UV exposure for 25 min. The cured
CNC-RhB-SU8 composite was cut into 5 X 20 mm pieces and detached
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All PL measurements were collected under 110.67 u) mm=2.

from the glass substrate. The completed CNC films with the active layer
were put on pre-wetted bare CNC or CNC-SiO, composite films and left
to dry under ambient conditions overnight. The schematic description can
be found in Figure S1 (Supporting Information).

SEM Measurement: The cross-sectional images of the bare CNC and
its composite films were obtained with a field emission scanning electron
microscope (FE-SEM, Magellan 400L, FEI Co.), with an acceleration volt-
age of 2 kV.

CD Measurement:  All optical measurements were taken in a custom-
built experimental setup. The sample was illuminated with white light
from a Tungsten Halogen lamp (Ocean Optics, HL-2000-HP, Florida,
USA) at normal incidence. The white light passed through a Glen—
Thompson linear polarizer (GTH10, Thorlabs) and a super achromatic
quarter wave-plate (SAQWPO5M-700, Thorlabs) at + 45° to generate CPL.
The transmitted light was collected by a fiber-connected spectrophotome-
ter (Ocean Optics, QEPro-FL) with a range of detection 380-1200 nm.
The CD measurements were fully automated with a Labview program. The
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schematic for this measurement setup available in Figure S7 (Supporting
Information).

Mueller Matrix Analysis: The Mueller matrix images were collected
with a custom-built experimental setup (complete Mueller matrix image
polarimeter). The red LED source (633 nm) followed by a 5 nm band-
pass filter illuminates the sample after passing through a polarization
state generator (PSG) able to generate any fully polarized state of po-
larization. After light-matter interaction, exiting light was analyzed by a
polarization state analyzer (PSA). The PSG includes a linear polarizer
(CASIX, Glan-Thompson polarizer) and two parallel-aligned liquid crys-
tal retarders (Meadowlark Optics, LVR-200-400-700-1LTSC). For the PSA,
all components were identical to the PSG but arranged in reverse order. Af-
ter PSA, a CCD camera (G-504B CCD camera, Vision manta) was placed
to measure MM data. More details of the setup and background theory
can be found in Section S2 (Supporting Information).

Lasing Characterization: The samples were optically pumped by a
nanosecond-pulsed green laser with one pulse (CryLaS Gmb, FDSS 532-
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150), peaked at 532 nm with a repetition rate of 100 Hz, and linearly
polarized. To assess their lasing threshold and slope efficiency, the laser
power was increased from 200 to 500 p\W, which was measured by an op-
tical power meter console (Thorlabs PM100D) with a photodiode power
sensor (Thorlabs S121C). The optical excitation beam diameter (230 um)
was measured by a beam profiler (BP209-VIS/M, Thorlabs) to calculate
the pumping energy density. For CPL measurements, the optical pump-
ing was focused on the sample and collected using a pair of achromat 4x
objective lenses (NA = 0.10, WD = 18.5 mm). The light passed through
a Glen-Thompson linear polarizer and a super achromatic quarter-wave
plate mounted on a rotation mount (ELL14, Thorlabs) to measure the
CPL signal. The CPL measurements were fully automated with a Labview
program.

Polarization and Angular Characterization: For the polarization study,
the PL emission excited by the green laser passed through an achromatic
quarter wave plate (AHWP10M-600, Thorlabs) at —45° from the fast axis
and a wire-grid linear polarizer. (WP25M-VIS, Thorlabs). The emission
passed through a rotating linear polarizer from 0° to 180°, referred to
as the same rotation direction of the quarter-wave plate. (Figure S7, Sup-
porting Information). For the angular characterization, Arduino controlled
rotational stage was applied on the same optical setup for the polariza-
tion study (Figure S8, Supporting Information). The rotational stage was
controlled by a customized Labview program. All PL measurements for
the polarization and the angular studies were carried out at the pumping
energy density of 110.67 pj mm~2.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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