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Cholesteric liquid crystals (CLCs) are an important soft material for display and sensing technologies due to their
unique optical and thermal properties, which are susceptible to external perturbations such as the electric field
and temperature variation. The typically periodic structure of a CLC with a twist between molecular layers per-
mits its chiral photonic crystallinity and the resulting selective reflection of a bandwidth in the otherwise generally
high transmission spectrum of incident light. Here we report on a novel dual-mode CLC device as smart glass that
enables the transparency to be self-adaptive to temperature and is simultaneously characterized by a fully on-
demand, electrically controlled function, allowing users to regulate the suitable or desired extent of transparency
in accordance with their living climate zones or personal needs. The working principle is based on the controllable
strength of voltage-induced electrohydrodynamic flow, generating temperature-dependent dynamic scattering for
passive control. Moreover, the transmission can be reversibly modulated and switched by applied AC voltage for
active control between the transparent and opaque states. As a proof of concept, the characteristic Bragg reflection
can be designed to sit in the near-infrared region to partially block unwanted thermal radiation in the optically

transparent state. © 2021 Chinese Laser Press

https://doi.org/10.1364/PRJ.437654

1. INTRODUCTION

It has been known since the 1970s that the orientation pattern
of nematic liquid crystal (LC) possessing negative dielectric
anisotropy (&) < &,) and positive anisotropy in conductivity
(o) > 01) can be readily generated and manipulated by the
magnetic or electric field [1]. Often observed under a polarizing
optical microscope (POM), distinct domain structures or dis-
torted patterns of the LC director, viz., the local average
molecular axis, originate from circular or turbulent motions
of the impregnated free space charges or ions in response to
an applied AC electric field at extensive voltages ranging from
a few volts to a hundred volts and frequencies spanning be-
tween ~1 Hz and several kilohertz, thereby leading to electro-
hydrodynamic (EHD) flow [2]. Steady textural patterns named
Williams domains presenting orientationally periodic distribu-
tion of nematic alignment have been well documented in the
condition of a narrow range of low voltages beyond a threshold
[3,4]. At higher AC voltages, however, the EHD flow becomes
intense, creating a complex, fluctuating director configuration
to incur dynamic scattering (DS). With regard to the related
condition between applied voltage V' and applied frequency
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f>an f=V critical boundary granting the initially unperturbed
transparent state to transform can be designated in both con-
duction and dielectric regimes [5,6]. Moreover, transparency
tunability can be realized by means of the modulated volt-
age-dependent DS strength, until a saturated opaque state is
reached at a high voltage in a favorably low-frequency range
where the transmission virtually vanishes. Our previous study
on identification of the optimal frequency range for the EHD
induction of the cholesteric uniform lying helix structure con-
notes that the ion density, in addition to the amplitude and
frequency of the operating voltage, plays an important role
in controlling the transmitted radiance of scattered light [7].

Several optical textures resulting from the EHD effect have
been employed to regulate split laser beams by constructing
tunable diffraction gratings and maneuvering different control
parameters such as the driving frequency, voltage, and cell gap
[8]. Based on the EHD effect, the switching of the LC optical
state to the DS state has been suggested for the use of smart
windows as a potential application of electro-optical responses
[9-13] owing to many advantages such as fast response, high
contrast ratio, low applied electric field intensity (for achiral
nematic LC), and wide viewing angle with effective switching
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for thousands of times [9]. A rapid switching in the sub-second
scale is achievable by directly increasing the applied field to
avoid the delay time [11]. Compared with dielectrically positive
LC (which exhibits positive dielectric anisotropy), negative LC
yields stronger light scattering at voltages exceeding the thresh-
old voltage V', permitting two distinctive, reversibly switch-
able transmission states—transparent and opaque—with a
higher contrast ratio [14]. In a study of dichroic dye-doped LC
systems including a cholesteric LC (CLC) and a nematic LC
dispersed with tetrabutylammonium bromide (TBAB), it was
found that the added ions (i.e., TBAB) promoted the contrast
for LC window devices based on the EHD mechanism [15]. A
dual-frequency (DF) switching smart window manifested with
a DF-CLC containing ionic liquid was investigated under the
application of electric signal at 20 Hz—10 kHz to control the
EHD magnitude [10].

Automatic devices capable of sensing and responding to
environmental conditions are considered as an application of
intelligent technique. A self-shading approach of a smart win-
dow as a light shutter was proposed on the basis of a dichroic
dye-doped LC whose light scattering state (with specular trans-
mittance 7°,% of ~20%) in the CLC phase can be thermally
and optically induced from the transparent state (with 7°% of
~65%) in the SmA* phase through phase transition and ultra-
violet (UV) exposure of azobenzene molecules in dye-doped
CLGC, respectively [16]. Similarly, under a remote stimulation
by UV radiation to drive EHD instabilities, a photochromic
dye was utilized in a complex LC material system to render
photoinduced charge carriers, fashioning reversable, double op-
tical states including the green light-commanded state as the
counterpart (i.e., transparent) one [17]. Clearly, employing azo-
benzene or photochromic dye in self-switching LC smart win-
dows empowers sensing UV radiation and the subsequent
suppression of optical transmission. Although the absorption
of incident light by dichroic dyes in LC has been dealt with
in many applications, the maximal transmittance (7'%) in
the transparent state is intrinsically low [16]. Also, azobenzene
smart windows once switching to the “opaque” state in response
to the UV component of terrestrial radiation can hardly reverse
back to the transparent state until the UV radiation diminishes
(e.g., at sunset). On the other hand, the practical use of a smart
window containing photochromic dye to ensure reversible
switching operations [17] would rely on solar green and UV
light. It would become uncontrollable in that the solar spec-
trum is constituted by green light along with UV radiation.

Electrical control with a deterministic threshold electric field
to prompt the onset of LC convective instability helps one
grasp the transmission behaviors in various f—V operating re-
gions. In general, the transparent and DS regimes can be set
apart with a threshold boundary. Variable DS strengths giving
rise to different degrees of 7% and, in turn, distinct levels of
opacity including a tunable translucent state and an opaque
state with minimally saturated 7% can be sought by a
thorough analysis of three f—V zones for the transparent,
graded translucent, and opaque states to result. This study in-
troduces a dual-mode, passive and active, smart glass based on
the EHD effect stemming from the mass flow of negative CLC
molecules caused by ion motion responsive to low-frequency

) O Vol. 9, No. 11 / November 2021 / Photonics Research 2289
—

(<1 kHz) voltage. The strong dependence of transmission
on temperature 7" and applied AC field underlies the working
principle for the reported smart glass. Without any UV treat-
ment process or the need to incorporate extra nonmesogenic
substances, thermally passive or adaptive switching is clarified
between the transparent and opaque states, and more options
are fulfilled for graded transmission in the translucent state. We
also examined the electrically active control as well as the con-
sequent transmission characteristics in the three states and iden-
tified the /-V boundaries of V' pg that divided the EHD realm
into opaque and translucent zones and of V', that separates
translucent and transparent zones. To demonstrate a concep-
tually value-added implement for energy conservation, the
pitch length for the electrically unperturbed CLC was designed
to allow Bragg reflection to fall in the near-infrared (NIR) re-
gion so that the window can substantially reflect solar thermal
radiation while it is transparent in the visible spectrum. We
report in this work what is, to the best of our knowledge,
the first manifestation of a CLC smart window featuring revers-
ible, electrical tuning of a 7-dependent opaque state without
having to change the material composition or attach additional
components [18,19]. By setting the V" and f values for a de-
sired temperature 7'pg at which riotous DS takes place, this
temperature adaptation avails a smart window suitable vastly
in various climate zones.

2. EXPERIMENT

In this study the host nematic LC DV-10001 (Daily Polymer,
Taiwan) used possesses birefringence of 0.200, dielectric
anisotropy of -5.4, resistivity of 3.0 x 10!! Q. cm at room
temperature, and clearing point of 109.0°C £ 0.5°C. The neg-
ative nematic host is a eutectic mixture consisting of plural neu-
tral and polar single compounds. Adding with the left-handed
dopant S-811 (Yung Zip Chemical, Taiwan) by the component
ratio of DV-10001:S-811 = 86.21%:13.79% (ratio of mass
fractions) turned the nematic LC chiral, resulting in a left-
handed CLC exhibiting the Bragg reflection centered at the
wavelength A, of c.a. 1050 nm. The doped mixture was vigo-
rously stirred at 120°C in isotropic phase for 2 h to make a
homogeneous blend and then filled into empty cells by capil-
lary action. Each cell comprises a pair of indium—tin-oxide glass
substrates whose inner surfaces were coated with polyimide
(SE-2170, Nissan Chemical, Japan) treated in an antiparallel
rubbing process to promote a strong planar alignment with
a small dlt (~2°) for the CLC in the initial Grandjean planar
(GP) configuration. The cell gap is 15.0 = 0.5 pm, and the
overlapped electrode area is 0.25 cm?. Various optical textures
of a sealed CLC cell produced by the EHD effect at various
agitating voltages were monitored with a POM (Olympus
BX51) in the crossed-polarizer transmission mode. Under pre-
cision temperature control (Linkam T95-PE) in thermal equi-
librium, optical transmission spectra were acquired with a fiber-
optic spectrometer (Ocean Optics HR2000-Plus) together with
a tungsten halogen light source (Ocean Optics HL-2000). To
extend the measurement to longer wavelengths (900—
1600 nm), another fiber-optic spectrometric system, composed
of an AvaSpec-NIR256-1.7-EVO  spectrometer and an
AvaLight-HAL-S-Mini tungsten halogen light source, was also
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employed. The CLC cell was connected to a function generator
(Tektronix AFG-3022B) in conjunction with a power amplifier
(TREK Model 603). Voltage- and temperature-dependent
transmission was examined by placing the sample on a temper-
ature controller (TEC Controller CDS15008RRA) and be-
tween a He—Ne laser source (operating at wavelength 4 of
632.8 nm) and a photodetector without polarizers. Here,
the probe light, LC cell, and detector were set in the same axis.
The light intensity directly received by the detector without a
cell inserted in the optical path was normalized to 100%. The
cell and the detector were separated by a sufficient distance such
as 10 cm in the spectral measurement and 50 cm in the voltage-
and  temperature-dependent  transmission
Accordingly, transmittance (7%) discussed in this study can
be identically regarded as specular transmission unless explicitly
specified. To test the thermal tuning in practice and record the
thermal image in a real-time observation, an IR camera (FLIR
ThermaCam E4) was exploited.

measurement.

3. RESULTS AND DISCUSSION

The sandwiched CLC samples were fabricated in the GP tex-
ture as the initial and stable state. The self-assembled helical
structure allowed a small rotational offset of the anisotropic unit
from its neighboring layers to yield the Bragg reflection whose
central wavelength, when observed along the helical axis, can be

described by
/15 =P ° ”avg’ (1)

where the pitch length p is the distance along the helix over
which a full (or 27) rotation is completed, and 7,,, denotes
the average refractive index of the cholesteric phase. The trans-
parent GP state was first verified without external voltage. To
illustrate the mechanisms for the said dual-active control mode
(by both V and f) and passive control mode (by 7" due to
exposure to solar thermal heating), Fig. 1 shows a self-explana-
tory schematic for the operation. With a voltage control by in-
creasing 100-Hz V' from 0 to 30V, at a fixed temperature
(T = 30°C), the induced EHD effect can drive the optical
state away from its naturally stable GP state. Furthermore,
for frequency control, increasing f from 100 to 300 Hz at the
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Fig. 1. (a) Active control by switching on/off a voltage or by altering
the frequency of the AC voltage. (b) Passive control enabled by the
temperature change at a fixed voltage.

applied voltage of 30V, reverts the optical state from the hazy
to transparent state [Fig. 1(a)]. On the instance of passive con-
trol as shown in Fig. 1(b), elevated 7" from 20°C to 30°C
or higher at a fixed applied voltage (V' =30V, and
f = 100 Hz) can also arouse EHD flow, leading to the trans-
formation from the transparent to translucent or opaque state.

Figure 2 delineates the architecture and working mechanism
of the proposed thermo-responsive CLC window for adaptive
smart switching. When the local temperature is comfortable or
incident solar radiation is mild, the CLC glass remains trans-
parent for incident visible light, whereas the reflecting part of
solar thermal radiation is at null voltage. As a matter of fact, this
function is preserved regardless of the weather condition as long
as the voltage is turned off [see Fig. 2(a)]. To assess the feasibil-
ity, we built an extreme condition where the sunlight after pass-
ing the CLC cell and an empty cell with the same effective area
of 1.8 cm? was imposed on a black Bristol cardboard. After
210 min (11:00-14:30) of sunlight exposure on a sunny
day, our pretests confirmed that the temperature in the position
behind the IR-reflective CLC cell in the GP state was 40.8°C,
which was ~5°C lower than that (at 45.6°C) at an adjacent
position behind the empty cell. The idea of applying the
GP state of the proposed CLC smart glass with an IR-reflection
optical feature for lowering indoor temperature is alternatively
supported by some previous works that suggest various ap-
proaches toward promoting energy saving efficacy in buildings
by electrically tunable broadband IR reflection through poly-
mer stabilization [20,21] or by hyper-IR reflection with a bi-
layer configuration [22]. In contrast, Fig. 2(b) shows how the
CLC smart window works on a hot sunny day with severe solar
irradiance or when the temperature is uncomfortably high.
Solar heating induces the EHD effect after the CLC under
the application of external AC voltage absorbs enough thermal
radiation to elicit the DS state, thereby obstructing the sunlight
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Fig. 2. Schematic explication of the CLC cell as a smart window.
(a) At a moderate temperature, the electrically unperturbed CLC ex-
hibits the GP configuration, giving the transparency in the visible
while partially reflecting the incident NIR radiation via Bragg reflec-
tion. (b) At a high surrounding temperature outdoors, solar heating
from terrestrial radiation causes EHD flow in the CLC under the ap-
plication of AC voltage. The CLC molecules in an unstable or irregular
arrangement to procure the DS or opaque state will strongly scatter the
incident sunlight.
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(in the visible and NIR spectrum) to penetrate into the room.
Aside from the tunable and switchable shading, the function of
personal privacy protection can be achieved as the smart glass
operates in the DS state. As such, this study is aimed to exper-
imentally illustrate and theoretically explain the detailed prop-
erties of the smart window in the following text.

Figure 3(a) displays the measured optical spectra of a CLC
cell in the range of 1 = 400-1600 nm at 30°C at various volt-
ages. Here, the transmission spectrum of a piece of ITO glass
showing ~89% transmittance on average in the visible regime
is exhibited as a reference. Note that the maximal transmittance
of light as measured in this study is ~80% after passing through
a CLC cell comprising a pair of ITO-coated glass substrates.
The inherent Bragg reflection in the unperturbed GP state lies
within the NIR region, signifying the capable rejection of and
hence reduction in transmitted thermal radiation despite the
high transparency in the visible. By electrically active control
to decrease f from 800 to 100 Hz at a given voltage (fixed
at V =100V, in this case), the transmission in the overall
visible-to-NIR spectrum dropped significantly, suggesting dis-
torted chiral ordering or damaged or fragmented periodicity of
the pitch at 800 Hz and fully disrupted CLC ordering at
100 Hz. The DS phenomena caused by the applied electric
field and the resulting CLC instabilities can be observed by
POM images as depicted in Fig. 3(b).

The optical transmission properties subjected to electrically
active operation can be understood by analysis of the relation
between 7%, at a representative 4 in the visible range, and V' as
a variable. For 7% being unity as a reference without a sample
in the optical path, Fig. 4(a) shows 7% of the CLC cell varying
with V' at several f values (70, 300, 500, and 600 Hz) when
T = 30°C, revealing 7% ~80% prior to EHD induction.
Such a typical V' - 7% curve is characterized by two noticeable
voltages by which the effective voltage range of the electro-
optical switch can be specified. Here the threshold voltage V',
and the severe DS voltage Vg are defined at 7% = 79% and
<1%, respectively, and three transmission regions can be thus
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Fig. 3. (a) Transmission spectra of a single piece of ITO-glass sub-
strate and the CLC cell at zero voltage and driven by 100V at three
different frequencies (7" = 30°C) and (b) corresponding textural mi-
crographs of the CLC sample obtained with crossed polarizers in vari-
ous AC voltage conditions (scale bar: 50 pm).

obtained: transparent (where 7% > 79%), translucent
(79% > T% > 1%), and opaque (7% < 1%). For example,
Vi =16V and Vg = 20V .. were determined at an op-
erating frequency of 70 Hz. Note that each data point in a
V'~ T% plot, collected from a transmitted He—Ne laser beam
at A = 632.8 nm, was attained after an elapsed time of 5 s to
ensure the steady state throughout the cell. Furthermore, we
measured transmission spectra in the wavelength range of
400-800 nm of the CLC cell driven by voltages at
f =70 Hz in a designated voltage range in attempt to ascer-
tain that determining a set of V', and V'pg at a fixed frequency
by transmission at a single wavelength is appropriate or non-
specific. As shown in Fig. 4(b), the optical profiles of transmis-
sion spectra in the transparent GP state at V' < Vi, = 16V
at 70 Hz and opaque DS state at V' > Vpg = 20V, at 70 Hz
were nearly invariant. In contrast, a slight wavelength depend-
ency of transmission was obtained in the spectra within the
voltage range of V', < V' < Vg, presumably due to the sim-
ilar wavelength-dependent optical profile in the transmission
spectrum of an ITO-glass substrate [Fig. 3(a)] or the formation
of small domains with sizes comparable to visible wavelengths
that dominated the wavelength-dependent light intensity by
Rayleigh scattering. These results indicate that measuring
the V' - T% curves at different wavelengths could lead to mod-
erately distinct voltage-dependent transmission properties of
the cell in  voltage-sustained  translucent DS
states, but it would not affect determining the values of V',
and Vg, as the voltage-induced transmission change points,
corresponding to the transparent-GP—translucent-DS  and
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Fig. 4. (a) Voltage-dependent transmission curves (without polar-
izers) of the CLC cell under EHD induction at various applied
frequencies. 4 = 632.8 nm. (b) Transmission spectra of the CLC cell
driven by various voltages at a fixed frequency of 70 Hz. The con-
trolled ambient temperature 7" = 30°C.
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translucent-DS—opaque-DS  state  transitions, were nearly
invariant.

Figure 5 was constructed to illustrate the three transmission
zones established for the designed smart window. They are the
transparent GP (represented by the sapphire blue area), trans-
lucent DS (pistachio green area), and opaque DS (ocean blue
area) regions, depending simultaneously on the applied voltage
and frequency. These zones were categorized according to the
extent of transparency or light scattering, and two DS zones can
be separated in correspondence with the tunable and saturated
scattering states, resulting in translucent and opaque appearan-
ces, respectively. It is noted that, by increasing V/, the f-depen-
dent translucent range becomes wider, providing more gray-
level choices in transmission by tuning f'. Figure 5 also indi-
cates that a lower f favors the induction of EHD flow for DS to
occur, and the higher the driving frequency, the higher the two
characteristic voltages V', and Vg (>V,). To retain the GP
transparent state under V, a maximal V' and a minimal f set
the limits for the driving voltage’s amplitude and frequency. A
theoretical treatise describing f* dependence of V', [23] can be
adopted for comparison, which shows good agreement of our
experimental data with the theoretical significance. The corre-
sponding threshold voltage V', at an excitation frequency f (as
indicated by the yellow boundary line in Fig. 5) in the conduc-
tion regime is calculated by [24]

ieifeea(f))/-(0)]

where V; is DC Helfrich voltage, and the unitless Helfrich
parameter ¢? is related to the material characteristics,

defined by

s (a1 >.<1_€||’6¢>, 3
: ( e -€eL 1+n/n £ -0 )

where y; represents the twist viscosity, and ¢ and ¢, are the
orthogonal components of conductivity. The cutoff frequency
/. appearing in Eq. (2) is expressed by
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Fig.5. Voltage and frequency dependence of three optical transmis-
sion states—transparent (or GP), translucent (or tunable DS), and
opaque (namely, highly DS) regimes—distinguished by three colored
areas. The two colorful curves, yellow and green, are fitted to the ex-
perimental V', data represented by the blue filled circles, indicating
the conducting and dielectric dominions governed by the frequency
effect. The cutoff frequency f'. described in Eq. (4) determines the
upper terminal of the yellow curve, and the value is approximately
200 Hz for the 30°C temperature condition.
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where 7 is the dielectric relaxation time, defined by

_la (5)

n 4z ‘ o I '
1o in Eq. (3) can be described as

’70=’71+Zz " ©6)
where 77, and 7, are the Miesowicz viscosity coefficients. For
the dielectric regime above the critical frequency f,, the corre-
sponding threshold electric field £y, varies with f in the fol-
lowing form [25,26]:
2 2rn
Ea =2y, (7)
where A has the reciprocal dimension of viscosity. Equation (7)
indicates that £y, is proportional to the square root of f (that is,
E% « f) based on a parabolic law, giving the green boundary
curve in Fig. 5. Accordingly, by virtue of the frequency-depen-
dent V', and Vg, the proposed dual-active control scheme
can be implemented, and voltage conditions suggested in
Fig. 1(a) are valid for electrical switching between the transpar-
ent GP and opaque DS states at 7" = 30°C as the voltage
V =30V, is higher than Vg =24V at 100 Hz but
lower than Vy, = 54V at 300 Hz, as illustrated in Fig. 5.
The ambient temperature explicitly affects the EHD effect.
Figure 6 shows the dependence of Vg on f at 7 = 20°C,
30°C, and 40°C. Apparently, elevated temperature forced the
transition voltage Vg from the transparent to translucent state
to shift to a higher f value. However, the virtually identical
Vps values (~20V ) at f < 50 Hz for the three curves imply
that the required lowest excitation voltage to prompt EHD flow
in the conduction regime at f < f', was practically indepen-
dent of 7. This phenomenon can be explained by Eq. (2),
which unambiguously discloses negligible 7" dependence for
Vs as [/ f < 1 although f actually decreases with decreas-
ing 7. One can also see from Fig. 6 that, at a fixed f value for
operation, higher climate temperature entailed a lower V.
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Fig. 6. Frequency-dependent voltage Vpg for the onset of the sa-
turated opaque DS state of the CLC device measured at temperatures
of 20°C, 30°C, and 40°C. Vg grows monotonically as the applied
frequency rises.
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This finding can be easily understood because the higher ther-
mal energy facilitates the ion movement as well as LC molecular
motion.

Figure 7 unfolds the CLC device’s alluring performance,
showing 7-dependent transmission at various operating volt-
ages. It clarifies that the smart glass can preserve the transparent
state at increased climate temperature, if one wishes, by oper-
ation with a higher f. For example, at voltage 30V, and fre-
quency 100 Hz (blue solid line), the incident light will pass
through the window (in the GP state) without scattering at
temperatures below 20°C. When the temperature gets higher,
light scattering takes place (in the DS state), and the scattering
strength increases with increasing 7" until a saturated opacity is
reached at around 30°C. The above-mentioned results
corresponding to the blue 7" - 7% curve in Fig. 7 undoubtedly
confirm the proposed passive control scheme for thermo-
responsive switching between the transparent GP at 7" = 20°C
and opaque DS state at 7 = 30°C in Fig. 1(b). Obviously, the
temperature to trigger switching from the tunable translucent
to opaque state can be controlled electrically, providing a tun-
able or on-demand 7'y, at which 7% decreases from ~80% to
less than 1% (see, for example, the green curve in Fig. 7). It is
worth mentioning that each 7-dependent 7% curve for an
arbitrary voltage setting is completely reversible. Further, in
comparison with the thermally passive and yet adaptive oper-
ation, driving voltage for amplitude-and-frequency, dual-active
control assures the proactive manipulation of absolute authority
as shown in Fig. 7 (as manifested by the exemplary black curve
at V' =100V, and /= 100 Hz). The transparent state can
be recovered for sure upon removal of the voltage. Unlike pre-
viously reported smart windows possessing no capability of tun-
able temperature for the opaque state [18,19], the useful feature
of adjustable 7' demonstrated in this work offers the user full
priority for active control and, as a consequence, is suitable for
human inhabitants at all latitudes. This result greatly improves
the practicality and convenience, where 7'pg can be altered by a
set of V and [ values.

Figure 8 shows the 7 -varying appearance of a CLC test cell
as our proposed smart glass situated in front of a flower by a
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Fig. 7. Operating method of switching transmission from the GP
state to highly DS state by raising temperature at fixed applied AC
voltage and frequency values, 30V, at 100 Hz, 30V, at
200 Hz, 50V, at 300 Hz, and 100V, at 100 Hz. The switching
temperature 7 pg is determined as temperature-dependent transmit-
tance falls to <1%.
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Fig. 8. Demonstration of the thermally adaptive smart control of
the transmission of the CLC window at varying temperatures moni-
tored by an IR camera. The China rose (Hibiscus rosa-sinensis) is 70 cm
in distance behind the CLC cell, and the driving voltage condition
corresponds to the red curve in Fig. 7 for which V' =50V, and
f =300 Hz. ¢ is the duration of thermal heating from the hair dryer.

distance of 70 cm. An IR camera was employed to monitor the
real-time temperature variation in an outdoor environment.
Uniformity of the haze was ascribed to the oblique heat flow
from a hair dryer deflected from the line of sight to accommo-
date the IR camera. From 0 s to 20 s, the duration of thermal
heating by the hair dryer is denoted by # in Fig. 8. Giving
an electric voltage of V =50V and f =300 Hz
(i.e., Tps = 50°C to be in line with the condition for the
red dashed-dotted curve in Fig. 7), one can clearly see the re-
duction in transmission of the cell over the temperature range
of 29.8°C (at # = 0 s with uniform transparency in GP state)
increasing to 52.6°C (at r = 20 s with uniform haze in DS
state). Note that haze non-uniformity observed from the
image at 7" = 35.6°C (<7 ps = 50°C) and # =10 s or at
T =428°C (<T'ps = 50°C) and r = 15 s was temporary,
which turned uniform as the temperature increased to 52°C
(>Tps = 50°C) at = 20 s. This is due to the non-uniform
temperature distribution in the cell produced by the oblique
setting of the hair dryer that led to gradual expansion of DS
domains from the bottom-right corner to the top-right corner
with increasing # from 10 s to 20 s. Such temperature/time
dependence of haze uniformity under a spatially non-uniform
heating environment in Fig. 8 can be explained by the 7" - 7%
curve in Fig. 7 showing the thermally sensitive translucent DS
state (7', < 7" < T'pg) and temperature independence in the
opaque DS state (7 > T'pg). As a result, by taking advantage
evidently shown in Fig. 7, one can still get uniform haze at
T =35.6°C or T = 42.8°C by varying cither the voltage
strength or frequency to adjust 7'ps. From the point of view
of large-scale application, the operation of the CLC device in
the passive control mode would be unquestionably promising,
but it would require a longer time to get full scattering for uni-
form haze in a larger screen when the heat flux on the cell plane
is non-uniform.

Consequently, our efforts in confirming thermo-responsive
transmission modulation by CLC state transitions of a voltage-
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sustained CLC cell in Fig. 7 and demonstrating self-shading of
a real image from the transparent GP to opaque DS of the CLC
cell in response to thermal variation in Fig. 8 serve well to sup-
port the mechanism of adaptive smart switching illustrated in
Fig. 2(b). To further characterize the optical performance of the
proposed dual-mode CLC smart glass in the visible light
regime, haze values in different states (i.e., transparent GP state
and voltage-sustained translucent and opaque DS states)
were quantified by using a haze meter (Nippon Denshoku
COH5500) to measure total (7,%), specular (7°,%), and
diffuse (7;%) transmittance in the wavelength range of
400-700 nm. As defined by the instrument, 7",% (7 ;%) is the
relative transmission of light scattered at angles of less (greater)
than 2.5° from the optical path, whereas 7,% is the sum of
T.% and 7 ,;%. The value of 7,% through an empty cell
in the GP state is set to 100%. The haze value can thus be
calculated as the percentage ratio between 7,% and 7,%
li.e., (77,%/T,%) x 100%]. For operation of the cell in the
active control mode, Fig. 9 reveals changes of 7',%, T %,
and haze as functions of the 100-Hz voltage at 7" = 30°C.
Analogous to the arbitrary V—7"% curve in Fig. 4, the voltage-
dependent 7,% properties in the entire visible range can be
divided by two characteristic voltages of Vi ~ 15V ¢ and
Vs ~ 25V s at 100 Hz (nearly the same as those indicated
in Fig. 5) into three regions—the transparent GP state at
V' < V', with high transmittance of ~95%, grayscale translu-
cent DS state at V', < V' < Vpg with monotonous decrease in
transmittance with increasing voltage, and opaque DS state at
V' > Vps. The value of 7,% ~ 50% in the voltage-sustained
opaque DS state obtained in Fig. 9 also connotes that nearly
50% of unpolarized light was backscattered at arbitrary angles
from the CLC cell. As a result, referring to the schemes for
operation of the CLC smart glass in the dual-active control
mode in Fig. 1(a), the haze value is ~90% at V = 30V
at 100 Hz in the DS state and ~0.1% at V =0V, or
~0.26% at V =30V, at 300 Hz in the GP state.
Switching the CLC smart glass to the passive control mode,
we measured the values of 7',%, T %, T ;%, and haze based
on three dissimilar voltage-and-temperature conditions as given
in Fig. 7. Table 1 shows that the optical properties (e.g., haze
around 90%-91% as the representative) in the DS state are

Transmittance (%)
Haze (%)

Specular transmittance (Ts%)

1 ! 1 ! 1

0 20 40 60 80 100
Voltage (Vrms)@ 100 Hz

Fig. 9. Voltage dependence of the total transmittance (7',%),
specular transmittance (77,%), and haze as measured by a haze meter
in the visible range (400-700 nm) at /' = 100 Hz and 7" = 30°C of
the CLC smart glass in the active control mode.

Table 1. Optical Characteristics of Total Transmittance
(T;:%), Specular Transmittance (T 3%), Diffuse
Transmittance (T %), and Haze at Given Voltage and
Temperature Conditions in Fig. 7 of the CLC Smart Glass
in Passive Control Mode

Voltage Conditions 7' (°C)/State T,% T % T ,% Haze (%)

30 V at 100 Hz 20/GP 95.13 94.87 0.27 0.28
30/DS 57.62 5.62 52.00 90.25
20/GP 94.86 94.65 0.21 0.22
40/DS 57.52 5.73 51.79  90.04
20/GP 94.25 94.07 0.18 0.19
50/DS 47.26 4.15 43.10 91.21

30 V at 200 Hz

50 V at 300 Hz

nearly of target-temperature (i.e., 7'pg) invariance for the volt-
age-induced GP-to-DS transition. This assurance corroborates
the superior electrical-active and self-adaptive features of the
proposed device in both active and passive modes with reliable
optical performances in the visible wavelength range and a wide
working temperature range.

4. CONCLUSION

In summary, a smart window has been illustrated on the basis of
the EHD effect in a negative CLC due to the contribution of
ion motion and, in turn, flow of the anisotropic material in
response to an excitation electric field oscillating at a low fre-
quency. The transmission of the CLC sandwiched in a glass cell
is thermo-responsive, automatically reducing its transparency
by increased light scattering with increasing temperature to
make the smart glass temperature adaptive. This device features
a dual (i.e., voltage and frequency)-active control as well, en-
abling the smart glass to be electrically tunable and switchable
among the transparent (GP), graded translucent (mild to mod-
erate DS), and opaque (severe DS) states. The most intriguing
characteristic of the CLC device reported in this study is that
the temperature for a spontaneous state transition from one to
another is fully adjustable or can be reset if is of default, pri-
oritizing the electrically active or on-demand control over ther-
mally passive control. The active and passive control of the
CLC transmission is bidirectional, having no need of any fur-
ther treatment or detour to regress to a previous gray level. As a
proof of concept, Bragg reflection can be devised to sit in the
NIR region so as to reject partial thermal radiation while keep-
ing the CLC window optically transparent in the visible spec-
trum in the normal field-off state. The trade-off compared with
an achiral LC system or a CLC with a longer pitch length is the
relatively higher operating voltage. So far, while various LC-
based technologies have been extensively demonstrated for
active control of light transmission [9—13], options for passive-
control purposes have still been limited and, in most cases, re-
quire the addition of certain thermo- or photo-responsive
agents in designated LC systems [16,17]. Our present work
achieves a substantial breakthrough of bridging this technical
gap by exploiting the electrical and thermal tunability of
EHD strength, embracing both active and passive operating
modes for light intensity modulation in a simple architecture
without the need of any stimuli-responsive substances for the
device.
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