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Abstract

Birefringent optical elements that work in deep ultraviolet (DUV) region become increasingly important these years.
However, most of the DUV optical elements have fixed birefringence which is hard to be tuned. Here, we invent a
birefringence-tunable optical hydrogel with mechano-birefringence effect in the DUV region, based on two-
dimensional (2D) low-cobalt-doped titanate. This 2D oxide material has an optical anisotropy factor of 1.5x 10°"" C?
J7"'m~", larger than maximum value obtained previously, leading to an extremely large specific magneto-optical
Cotton-Mouton coefficient of 3.9x 10° T2 m™". The extremely large coefficient enables the fabrication of birefringent
hydrogel in a small magnetic field with an ultra-low concentration of 2D oxide material. The hydrogel can stably and
continuously modulate 303 nm DUV light with large phase tunability by varying the strain (compression or stretching)
from 0 to 50%. Our work opens the door to design and fabricate new proof-of-concept DUV birefringence-tunable

element, as demonstrated by optical hydrogels capable of DUV modulation by mechanical stimuli.

Introduction

Light modulator provides fine control of phase retar-
dation, intensity, as well as polarization of light, through
which information-carrying signals can be superimposed
on the electromagnetic waves to realize many uses such as
optical communication, digital holography, and adaptive
optics' . Birefringence based light modulator working in
the deep ultraviolet (DUV) range (wavelength A < 350 nm)
is highly imperative, as it can finely tune the shape,
polarization and phase of DUV pulses without altering the
light direction. This feature offers great flexibility for
applications in semiconductor processing, optical com-
munication and others fields of medicine and environ-
mental engineering® . Birefringent element plays the
crucial role in determining the performance of the DUV
light modulator. Actually, a series of DUV birefringent
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materials, including single crystals of a-BBO'', MgF,'"?,
Ca(BO,),"%, and «a-SnF,'*, have thus been made and
commercially used. However, these birefringent elements
have the fixed birefringence, limiting their capability of
continuous light modulation. Liquid crystals (LCs) are
another kind of birefringent materials, of which birefrin-
gence is tunable via the molecular alignment by external
electrical or magnetic stimuli'>~*®, Up to now, the com-
monly used LCs are mainly based on organic molecules or
polymers, which usually comprise alkyne and contain two
different 77 bonds. Such relatively weak bonds are not
stable under DUV light due to photochemical degradation
effect'>'. Meanwhile, DUV can also induce free radicals
in some organic groups, and initiate their polymerization,
which disorders the alignment and the resultant bire-
fringence of LC**™%°, Therefore, the birefringent organic
LC cannot modulate DUV light.

Thanks to the development of inorganic LCs such as
one-dimensional (1D) rod-shape CdSe LC, the fabrication
of birefringent elements that can work in DUV region
becomes possible due to high stability of these inorganic
materials upon DUV exposure®® >°, Compared to 1D
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material, two-dimensional (2D) material exhibits larger
shape anisotropy (lateral size/thickness ratio is 10°~10°
for 2D materials while length/diameter ratio is ~10 for 1D
CdSe) and the resultant larger optical/magnetic/electrical
anisotropy, making it highly sensitive to the external sti-
mulus®*?! and exhibiting strong light-matter interac-
tion®>?>, For instance, we recently discovered a giant
magneto-birefringence effect in wide-bandgap 2D mate-
rials of cobalt-doped titanium oxide (CTO) and boron
nitride, enabling the realization of DUV birefringent ele-
ment due to the desired DUV stability and removal of
DUV-absorptive/instable organic LC and ITO electrodes
in the device structure®"**, Despite of the development of
DUV LC modulator in boron nitride LC, inconvenient
magnetic driving way, unclear and uncontrollable mag-
netic source of 2D boron nitride, as well as difficulty in
exfoliating monolayer boron nitride, jointly calling for
more research efforts to make this technology practically
useful. Noteworthy, 2D CTO holds more promise for
controllable DUV modulation as its magnetic source has
been confirmed and can be accurately controlled by the
molar ratio of Co/Ti in its composition, in addition to the
benefit that CTO can be exfoliated in nearly exclusively
monolayer forms. However, in addition to the magnetic
way, other convenient birefringence-tuning way in DUV
region remains elusive, and the dominant factors that
determine the giant magneto-birefringence effect of
CTO LC is still unclear. Moreover, the molar ratio of Co/
Tiis 12% in the previous work, giving rise to the bandgap
of 3.4 eV, which blocks the DUV transmittance®'. In the
meantime, hydrogels have attract great attentions, due to
their unique properties of precise processability, flex-
ibility, and good compatibility with other active
materials®*~*’, Therefore, combination of hydrogel and
ultra-wide bandgap 2D material can potentially serve as
flexibe DUV optical element with mechanically tunable
birefringence.

In this work, by using specially synthesized low-cobalt-
doped 2D CTO with a molar ratio of Co/Ti= 6%, the
bandgap of the material increases to 3.9 eV, permitting
the DUV transmittance and the consequent DUV mod-
ulation. Meanwhile, the optical anisotropy factor of 2D
CTO is measured to be 1.5 x 107 C2 ]~ m™}, which is
larger than the highest reported value®, ensuring its
extremely large Cotton-Mouton coefficient. Thanks to
the sensitive magnetic response, the birefringent hydrogel
is fabricated by crosslinking magnetically aligned 2D
materials with the polymer matrix in a small magnetic
field range of 0—0.8 T, and an ultra-low concentration of
2D material of 5x10™* vol%. The 2D CTO-based
hydrogel consequently enables the DUV modulation in
a transmissive, mechanical, stable and continuous way, as
represented by the one-to-one stretching/compression-
phase correspondence.
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Results

We use monolayer CTO as active materials in all fol-
lowing inorganic 2D LC devices. We choose 2D CTO
because it is a wide gap semiconductor with high trans-
parency and controllable magnetism®*°. The CTO is
synthesized by using a wet chemical method (see “Mate-
rials and methods” for details). Compared with our pre-
vious work®, here we used a low Co dopant with a Co/Ti
ratio of 6%, to increase the optical bandgap of the mate-
rials and ensure a sufficient high transparency at DUV
regime. The as-exfoliated 2D CTO flakes exhibit average
lateral size and thickness of 1.6 um and 1.1 nm, and an
aspect ratio of ~1500 (Supplementary Fig. Sla—c).

Next, we test the DUV modulation capability of the
above 2D CTO LC driven by magnetic field. Experimental
setup for DUV modulation is shown in Fig. 1la, where a
DUV laser with a wavelength of 303 nm is selected as the
light source (see “Materials and methods” for details). To
visualize the DUV modulation, a colorless paper with a
photomask of “THU’ pattern and pre-coated UV-exci-
table phosphor is placed at the rear side of the analyzer.
In the absence of magnetic field, no letter is displayed on
the paper because two crossed polarizers block the
transmittance of DUV light. When the magnetic field is
applied and reaches above 0.2T, the birefringence of
CTO suspension is magnetically induced and allowed
partial transmission of DUV light, which consequently
excites the phosphor to emit visible light and leads to the
display of purple “‘THU’ letters. Upon increasing the
magnetic field, letters become brighter (Fig. 1b, Supple-
mentary Video 1).

According to Malus’s Law?’, such field-brightness
correspondence is dominated by magnetically tunable
phase retardation and the consequent transmitted
intensity of DUV light. Replacing the pattern with a
photodetector in Fig. la, the transmitted intensity is
quantitatively monitored, which shows one-to-one cor-
respondence with the strength of magnetic field (Fig. 1c).
In addition, the polarization of DUV light is modulated
accordingly as evidenced by the polarization evolution
from the linear one (0 T) to the elliptical one (0.8 T) due
to the magneto-birefringence effect (insets in Fig. 1c).
The above results show that the 2D CTO suspension can
modulate intensity, phase retardation and polarization of
303nm DUV light. When a fixed magnetic field is
applied, the DUV light can also be manipulated by tuning
the angle (6) between magnetic field and the polarization
vector of incident light (Supplementary Fig. S1d). Note-
worthy, due to its wide optical bandgap of ~3.9eV
(Supplementary Fig. Sle), the 2D CTO aqueous suspen-
sion has high optical transparency over the DUV region
of 300 nm to 350 nm with an average transmittance of
>70%, enabling the DUV modulation in a transmissive
way. Compared to conventional reflective modulations,
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Fig. 1 DUV modulation based on 2D CTO LCs with low Co doping. a Schematic of the optical setup for magneto-optical measurements.

b Photographs of the patterned paper precoated with UV-excitable purple phosphor in the magnetic range of 0T to 0.8 T, with an interval of
0.2 T (white arrow represents the transmission axis of the polarizer). The wavelength of DUV light is set as 303 nm. ¢ Intensity of transmitted DUV light
versus magnetic field in a forward and reverse scanning. Insets: polarizations of the transmitted DUV light without and with a magnetic field of
0.8T. d Optical transmittance spectrum of non-polarized light through the aqueous suspension of 2D CTO. e DUV modulation by controlling the
distance between permanent magnets. f Magnetization measurements at 10K in the magnetic field parallel (in-plane) and perpendicular
(out-of-plane) to the 2D CTO film produced by vacuum filtration of CTO suspension
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such way need not alter the propagation direction of light,
offering greater flexibility.

Besides, owing to the highly sensitive magneto-optic
response of our devices, the optical modulation can effi-
ciently work in a low magnetic field. By controlling the
distance between permanent magnets, the DUV light is
modulated continuously and thus is acceptable for por-
table devices (Fig. le). The sensitive response is closely
relative with the intrinsic magnetic anisotropy of 2D
CTO, which is characterized by comparing the out-of-
plane and in-plane magnetizations of a layered and
oriented CTO film fabricated via vacuum filtration. As
can be seen from Fig. 1f, CTO material shows the in-plane
easy-magnetization axis. The magnetic anisotropy keeps
even at room temperature of 300 K, notwithstanding the
reduced saturation magnetization compared to that at
10K due to the thermal break of alignment of magnetic
dipoles (Supplementary Fig. S1f).

To characterize performance of the 2D CTO LC DUV
modulator, we investigate its reversibility, response time
and operation stability. Figure 2a shows the reversibility
test of field-intensity correspondence at an interval of
01T from —0.8T to 0.8T (opposite magnetic field
directions). The intensity of transmitted DUV light is
only dependent on the strength of magnetic field rather
than its polarity, and no hysteresis is seen between rising
process and falling process, confirming the good rever-
sibility. In terms of response time, a transient magneto-
optic experiment is carried out using a pulsed magnetic
field with an amplitude of 1.3 T and a half width of 7 ms
(Fig. 2b). In the rising stage, the magnetic field reaches
its peak at 3 ms after the turn-on of pulse, while the peak
magneto-optic signal occurs at 9 ms, presenting a fast
threshold process of 6 ms. When the field is turned off,
intensity undergoes relatively slow decay. Based on the
exponential decay function*' of I = Ie */*, the decay
time constant of 7 is fitted to be 64 ms (Fig. 2b), which is
almost two orders of magnitude shorter than that of
graphene oxide*”> and hydroxyapatite®®, permitting fast
optical switch. The temperature in this measurement is
300K. We find that, upon increasing temperature,
the rise time and decay time decreases accordingly,
due to the decrease of viscosity and the increase of
rotational diffusion coefficient of 2D CTO in disper-
sions** (Supplementary Fig. S2). For the stability, we
perform a cycling test by periodically switching on/off
the magnetic field of +0.8 T. Taking a complete on/off
operation as a cycle, we observe the negligible degra-
dation (<1%) after 400 cycles, as demonstrated in Fig. 2c.
Meanwhile, we also perform the fatigue test, namely,
keeping the magnetic field in turn-on status, and
exposing CTO LC to DUV light. As illustrated in Fig. 2d,
the intensity at working condition (ON state) attenuated
slightly (<3%) after continuous DUV exposure for
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300 min, further confirming the good DUV stability of
2D CTO LC.

Noteworthy, the magneto-birefringence effect of 2D
CTO LC make it applicable to prepare flexible DUV
birefringent optical hydrogel. By adding small amount of
monomer and photo-initiator into 2D CTO suspension,
we prepare a DUV birefringent hydrogel via in-situ UV
curing during exertion of magnetic field (Fig. 3a, Mate-
rials and methods, Supplementary Video 2). Once the
hydrogelation completed, the magnetically aligned 2D
CTO nanosheets maintain inside the hydrogel and all
their long axes parallel each other, even after removal of
the magnetic field. The CTO hydrogel demonstrates
superior flexibility as evidenced by its compression-strain
curves (Fig. 3b). In detail, upon applying a slight com-
pression force of 6 kPa, the strain of hydrogel varies from
0% to 60% quickly, with the continuous modulation of
DUV light. Phase shift measurements in the light path
(parallel to the force) show the linear decrease of phase
shift from 23° to 11° with the strain increasing from 0% to
50% (Fig. 3c). Such dependence coincides with the rela-
tionship®"*® of § = 2”TA”SSL, as the order parameter S
remains unchanged and length L of the optical path
through hydrogel is reduced during compression, where
Ang represents saturation birefringence (Supplemental
Fig. S3). In addition, the retention rate of hydrogel
reaches above 98% after 10 cycles (Fig. 3d), showing the
good durability.

Moreover, by exerting the stretch from 0 kPa to 1.3
kPa, the CTO hydrogel deforms with the strain changing
from 0% to 50% (Fig. 3e), whereby the phase shift
monotonically increased from 22° to 30°, accordingly
(Fig. 31). It is worth noting that besides the increase in L
along the light path, the stretch also induces the dis-
tribution evolution of CTO nanosheets from initial
ordered alignment to the disordered one as schemed in
Fig. 3f and Supplementary Fig. S3, which nonlinearly
decreases the optical anisotropy and the resultant order
parameter S. Both S and L vary with the strain, leading to
a nonlinear dependence of phase shift with the strain.
Durability test also shows the negligible degradation of
hydrogel after 10 cycles (Fig. 3g). Based on the above
stress—strain-phase correspondence, CTO hydrogel can
consequently serve as a transparent mechano-optical
crystal, through which the DUV light can be in-situ
modulated without direction alteration in a mechanical
way. To the best of our knowledge, 2D CTO based
hydrogel is the first birefringence-tunable element that
can tune the DUV light in a mechanical and continuous
way (Supplementary Table. S1).

Discussion
We examine the mechanism responsible for the
magneto-birefringence of 2D CTO by comparing the



Xu et al. Light: Science & Applications (2023)12:1

Page 5 of 9

a
1001 0900000090000900090
| 104 ¢ —-— -08Tto0T
80 o\o\ -- 0Tt 08T
3 - N
5607 g A
= Z 05
3 5
O 404 =
20 001
-1.0 -0.5 0.0 0.5 1.0
1,H (T)
0 . . . . .
0.0 0.2 0.4 0.6 0.8
luoHI (T)
Cc
. —@— Initial —Q@— After 400 cycles
i 100 - g GR ) WP D ok
=
2 50
Q
=
0 -
0.8 1
=
IO_O—W@'@W@@WWWWD
o
—-0.8 [t freee) )
T I
0 00
Time (s)
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transmittance in parallel and orthogonal directions of
Poynting vector with respect to external magnetic field
(Fig. 4a and Supplementary Fig. S4). At zero field, the
CTO flakes orient randomly, exhibiting isotropy with
an optical transmittance of 47% at 303 nm. Upon
increasing magnetic field, the CTO flakes rotate and
align parallel to the field by magnetic torque I = Mx H
due to the magnetic anisotropy*®, similar to the parallel
alignment of layered and oriented CTO film towards
the magnetic flux (insets in Fig. 4a). The parallel
alignment changes the cross section of 2D materials for
DUV scattering, allowing more light to transmit
through in parallel direction and blocking the propa-
gation of light in perpendicular direction, which con-
sequently increases (decreases) the transmittance to
53% (39%) (Fig. 4a).

The magneto-birefringence can be calculated from the
phase retardation § according to the expression of
An(H) =25 where §(H) is determined by measuring

2md
the magnetic field dependent intensity of transmitted

DUV light*’

8(H) = mm + 2sin~" /=t form = 0,2, 4.

ia—1 I—Inin
6(H) = (m+ 1)t — 2sin e form =1,3,5..
(1)

where m is the number of peaks observed in transmitted
intensity, I is the intensity at observed state, I ox and Inin
are the intensity when the transmission axis of analyzer
parallel and perpendicular to that of the polarizer,
respectively. Then, the calculated An(H) is presented
in Fig. 4b, which obeys the following equation (Supple-
mentary Note 1)

AV A)(H2
= 3L ~1 2
2 [ 2(2/<BT) } @)

where Ang, is saturation birefringence, Ly(x) is the ond
order Langevin function, Ay is anisotropy of magnetic

An(H)
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susceptibility, kg is Boltzmann constant, and T is
temperature which is 300K in following experiments.
Similar to electro-optic effect™, at the saturation stage, the
birefringence can be expressed as An(H) = Ang —
A(H — Hp)™?, through which saturated birefringence
Ang: is fitted to be 32x107° at concentration of
5 x10™* vol% (Supplementary Fig. S5), where A and H,
are two constants. Thus, the intrinsic optical anisotropy
factor Ag of 2D CTO is estimated to be 1.5 x 1071 C* ]!
m ! utilizing the formula of Ag = % Angy, where 1, gy and
() are average refractive index, vacuum dielectric constant
and volume concentration of 2D CTO, respectively. This
value is larger than the maximum one in other reported
materials**** (Supplementary Table 2) and thus gives rise
to the giant spec1ﬁc Cotton Mouton coefficient Cg,
according to Cgp = e /\Ansat =i (Supplementary Note 1),
a parameter that describes magnetic sensitivity. At low
magnetic field, Cy, is calculated to be 3.9 x 10°T > m™*

(Fig. 4c). Principally, to achieve the sufficient large
birefringence for DUV modulation, a birefringent medium
with a larger C, requires lower concentration of active
material, which will benefit the decrease of viscosity and
the increase of DUV transmittance due to the weakened
light scattering or absorption (Fig. 4d). Therefore, the
obtained giant Cg, makes the 2D CTO LC meet the
demands of DUV modulator on both sensitive magneto-
response and high optical transmittance for DUV light.
Notably, the birefringence monotonically decreases with
the temperature. Such temperature dependent behavior
originates from the thermally induced Brownian motion of
2D CTO, which tends to disorder the orientations of 2D
CTO. (Supplementary Fig. S6).

In summary, we have revealed the dominant role of
extremely large optical anisotropy factor of 2D low-cobalt-
doped CTO in achieving giant magneto-optic effect in
DUV region and invented a DUV hydrogel. The wide
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bandgap which is induced by low-Co-doping, and large
anisotropies in shape, optical factor, and magnetism of 2D
CTO collectively endow it with superior capability of DUV
modulation, as presented by good reversibility, sensitive
magneto-response, and excellent stability. A DUV bire-
fringent crystal with mechano-optical effect has been
made by embedding the aligned 2D materials into a
hydrogel. Such 2D CTO based inorganic LC and hydrogel
can serve as transparent light modulators, featuring DUV
modulation capability by either magnetic or mechanical
stimulus without changing the optical path. The DUV
hydrogel may extend birefringence-tunable optics that are
currently used in visible and infrared regions to DUV
region, which is important for personalized biomedicine,
as well as flexible and soft optical devices.

Materials and methods

Synthesis and characterization of low-Co-doped 2D CTO
Suspensions of 2D CTO were prepared by dispersing

the as-exfoliated CTO monolayers into water through

ultracentrifugation (Optima™ XE-100, Beckman Coulter Life
Sciences, USA), where the exfoliation method was similar to
the four-stage approach in our previous work® but include
an important modification, namely, the content of Co
doping was halved because the low content of magnetic
element gives a higher optical transparency over the UV
spectral range (Supplementary Fig. S7). To be specific, in this
work, the Co/Ti ratio was reduced to 6%. Result of the
energy dispersive spectrometer (EDS) agrees with stoichio-
metric ratio of raw materials and gives the atomic ratio of
Co: Ti: O =0.1: 1.69: 4 (Supplementary Fig. S8).

The lateral size and thickness of 2D CTO flakes were
characterized using the atomic force microscope (AFM,
tapping mode, Cypher ES, Asylum Research, USA). Trans-
mittance spectrum of 2D CTO suspension was measured by
UV-vis spectrophotometer (Shimadzu UV-2600, Japan).
The high-resolution scanning electron microscopy (SEM,
10 kV, Sigma 300, Carl Zeiss, Germany) equipped with EDS
was used to determine the elemental composition. Magnetic
anisotropy was determined by using a high-precise
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magnetometer (Physical Property Measurement System,
Quantum Design, USA) to measure the in-plane and out-of-
plane magnetizations of a layered and oriented CTO film,
which was fabricated by vacuum filtration.

Optical setup to test performance of 2D CTO DUV
modulator

As illustrated in Fig. 1la, a quartz cuvette
(Icmx 1cmx5.5cm) loaded with 2D CTO suspension
was placed between two crossed polarizers with a mag-
netic field applied orthogonal to the optical path. When
DUV light propagated through the first polarizer, it was
linearly polarized at 45° to the applied magnetic field.
Subsequently, the linearly polarized wave was decomposed
along two directions, parallel (x axis) and orthogonal (y-
axis) to the external field and subsequently entered the 2D
CTO suspension. Nevertheless, due to the magneto-bire-
fringence, two components of linearly polarized wave
experienced different refractive index and propagation
velocity, giving rise to a phase retardation between them.
Thus, the linearly polarized wave was converted into an
elliptical wave and was polarized again by the linear ana-
lyzer. The magnetic field and light intensity were mea-
sured by Hall sensor and spectroradiometer (PR-788,
Photo Research, USA), respectively.

Characterization and fabrication of DUV birefringent
hydrogel

A monomer (poly (ethylene glycol) diacrylate, 4 wt%)
and a photo-initiator (potassium persulfate, 0.5 wt%) were
mixed and dissolved into the aqueous suspension of 2D
CTO with a concentration of 5 x 10~ vol%. Subsequently,
the mixture was placed into a 1lcmx1cmx 1cm con-
tainer and then exposed to a UV lamp with the wave-
length of 365nm at 298K for 10min. An external
magnetic field of 0.8 T was exerted to provide the initial
alignment of CTO nanosheets and was then removed
after hydrogelation. The stress—strain tests were char-
acterized with a test speed of 2 mm/min (Instron Model
5943, Illinois Tool Works Inc. USA). The DUV mod-
ulation performance of the hydrogel was tested based on
similar procedure with that of LC devices.
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