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Abstract: We report a new nematic mixture for liquid-crystal-on-silicon spatial light modulator
(SLM) and light detection and ranging (LiDAR) applications. The mixture exhibits a relatively
high birefringence (An), moderate dielectric anisotropy (A ¢), low viscosity, and reasonably good
photostability. To achieve 27 phase change at 5 V, the response time (on + off) is 2.5 ms at 40 °C
with A =633 nm, and 5.9 ms with A = 905 nm. After exposure by a blue laser (A = 465 nm) with
a total dosage up to 20 MJ/cm?, this mixture shows no sign of photodegradation. Widespread
applications of this material for high brightness SLMs, LiDAR, near-eye displays, and head-up
displays are foreseeable.

Keywords: liquid crystals; spatial light modulator; liquid-crystal-on-silicon; photostability

1. Introduction

Liquid crystals (LCs) have been widely used in display devices [1,2], such as smart-
phones, computers, TVs, emergent augmented reality (AR) and virtual reality (VR) [3],
and vehicle displays [4], to name a few. For these amplitude modulations, to achieve high
contrast ratio, the pixelated liquid crystal display (LCD) panel is sandwiched between two
crossed polarizers, and each pixel is addressed by a thin-film transistor independently. For
example, an 8K full-color LCD (7680 x 4320 x 3) consists of 99.532 million sub-pixels. In
addition to intensity modulators, LC can also work as a phase-only spatial light modulator
(SLM). Under such a circumstance, no polarizer is needed if the incident laser is already
linearly polarized. Both transmission-type [5] and reflection-type SLMs [6] have been
developed. The former has a simpler optical system, but its shortcomings are: (1) limited
aperture ratio, especially as the pixel density increases, and (2) slower response time. On
the reflection-type SLM, liquid-crystal-on-silicon (LCoS) [6-8] is a well-developed technol-
ogy because of its high-resolution density, low operation voltage, and fast response time.
The LCoS based SLMs have also found many useful applications, such as multi-focus AR
display [9,10] and head-up display [4] to overcome the vergence-accommodation conflict
issue, beam shaping for lithography [11], adaptive optics for wavefront correction [12],
wavelength selective switch for telecommunications [13], and non-mechanical beam steer-
ing for light detection and ranging (LiDAR) for advanced driver-assistance systems (ADAS)
and future self-driving vehicles [14]. Recently, a liquid crystal integrated metasurface was
applied to steer a laser beam for LiDAR [15]. For this kind of SLM, response time is a key
factor. To achieve the desired 240 Hz frame rate, the 27t phase-change response time should
be less than 4 ms. However, several demonstrated prototypes can only operate at 60 Hz,
including the head mounted displays from Microsoft [16] and Oculus [17]. Therefore,
there is an urgent need to develop fast-response LC materials with low operation voltage
(Vo =5 Vi) for LCoS SLMs.
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In a reflective LCoS SLM, the phase change & = 2[27tdAn/ A], here the first factor 2 rep-
resents the double pass of the incident beam, d is the LC layer thickness (i.e., cell gap), An
is the LC birefringence, and A is the wavelength. Reducing the cell gap is a straightforward
way to achieve fast response time, which is proportional to d2. Increasing the operating
temperature helps greatly to lower the rotational viscosity, which in turn reducing the
response time. Two thermal effects from the driving circuits of CMOS (complementary
metal-oxide-semiconductor) backplane and the high-power light source contribute to
increasing the operating temperature of an LCoS to 40-50 °C [18]. As the temperature
increases, both birefringence and viscoelastic constant decrease but at different rates [19].
The decreased birefringence demands either a thicker cell gap or a higher birefringence
LC at the room temperature, while lower viscoelastic constant helps to achieve faster re-
sponse time. In the meantime, extending the SLM lifetime is also essential, which is jointly
determined by the photostability of the employed alignment layer (organic polyimide
or inorganic 5i0y) and LC material [20,21]. The light source commonly used in an LCoS
projector is a high-power arc lamp, RGB LEDs (red, green, and blue light-emitting diodes),
or lasers. Among the RGB light sources, the high energy blue photons are most harmful
and may cause gradual device degradation, depending on the LC material employed. The
inorganic SiOy alignment layer [22] has been proven to withstand long-term UV or blue
light exposure [23], but high An LC materials with excellent photostability in the blue
spectral region still have not been investigated thoroughly.

In this paper, we present a new LC mixture formulated by DIC, designated as A4907,
for LCoS SLM and LiDAR applications. Its response time is ~2.5 ms at A = 633 nm and
40 °C and ~5.9 ms at A = 905 nm. Such a fast response time results from the relatively high
birefringence and low viscoelastic constant of A4907. Moreover, this mixture exhibits a
reasonably good photostability at A = 465 nm for a dosage up to 20 MJ /cm?.

2. Material Characterizations

The physical properties of A4907 are listed in Table 1. For comparison, we also show
the physical properties of Merck TL-216 and UCF-216 [24]. The melting temperature (T},;)
and clearing temperature (T.) were measured by differential scanning calorimetry (DSC,
TA Instruments Q100, Lukens Drive, New Castle, DE 19720). All these three materials
have a wide nematic range that satisfies the requirement for most LCoS applications. The
dielectric constants were measured with a multifrequency LCR meter, HP-4274 (Santa Rosa,
CA, United States). The viscoelastic constant 1 /Kq; of each mixture was measured from
the free relaxation response time of a test cell [25]. From Table 1, we can see that A4907 has
higher birefringence and lower viscoelastic constant than the other two mixtures, which
implies it can achieve a faster response time.

Table 1. Measured physical properties of DIC A4907, MerckTL-216 and UCF-216 at T =22 °C.

LC Mixture A4907 TL-216 UCF-216
T, (°C) 91.9 80.0 81.8
T (°C) —-19 —20 -20
An @ 633 nm 0.220 0.205 0.215
Ae @1KkHz 7.3 55 7.6
el @1kHz 3.8 4.2 42
K11 (pN) 13.3 14.4 14.6
K33 (pN) 16.3 19.6 —
71/K11 (ms/pm?) 12.9 19.0 14.5

2.1. Birefringence

To measure An, the LC mixture was filled into a homogeneous cell, whose cell gap
d = 5.34 um, and the pretilt angle of the rubbed polyimide alignment layers is about 3°.
This cell was sandwiched between two crossed polarizers and activated with a 1 kHz
square-wave AC voltage. A Linkam heating stage was applied to control the sample
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temperature through a temperature programmer TMS94 (Linkam Scientific Instruments
Ltd., Waterfield, Epsom, Tadworth KT20 5LR, UK). The birefringence at corresponding
temperature was calculated from the measured phase retardation. Figure 1 describes the
measured (dots) and fitting (solid line) results of birefringence at different temperatures
with a working wavelength A = 633 nm (He—Ne laser). The fitting curve is produced from
following equation [26]:

An = AngS = Ang(1—T/T,)P. 1)

0.25 T T ' .

0.2

An

0.15

0.1 —— - . -
20 40 60 80

Temperature (°C)

Figure 1. Temperature-dependent birefringence of A4907 at A = 633 nm and 1 kHz. Dots are measured
data and solid line is fitting curve with Equation (1).

In Equation (1), Ang represents the extrapolated birefringence at T = 0 K, S is the order
parameter, T¢ (unit: K) is the clearing point temperature of the LC, which is measured by
DSC, and exponent f is a material parameter. By fitting the experimental data with Equation
(1), both Ang and B can be obtained. The results are listed in Table 2. For convenience, we
use Celsius (°C) instead of Kelvin temperature (K) in the following figures.

Table 2. Fitting parameters obtained through Equations (1)-(3).

LC An 8 G@40°C A*@40°C A E,
Mixture 0 (um—2) (um) (ms/pm?) (meV)
A4907 0.326 0.249 3.06 0.237 6.19 x 107 358

The wavelength dispersion of A4907 is also investigated. For a working LCoS device,
the operating temperature is about 40-50 °C because of the thermal effect from the CMOS
backplane and illumination light. Therefore, we measured the wavelength dispersion at 40
°C to investigate the electro-optical performances at RGB colors. In experiment, He-Ne
laser (A = 632.8 nm) and a tunable Argon ion laser (A = 457 nm, 488 nm, and 514 nm) were
used as probing light sources. The obtained results are shown in Figure 2, where dots
indicate measured data and solid line is the fitting curve using the single-band birefringence
dispersion equation, which works for LC mixtures [27]:

A2\ *2
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Figure 2. Wavelength-dependent birefringence of A4907 at 40 °C and 1 kHz. Triangles are measured

data and solid line is fitting curve with Equation (2).

In Equation (2), G is the proportionality constant and A* is the mean resonance
wavelength. Both G and A* can be obtained by fitting experimental data with Equation
(2) and results are listed in Table 2. At 40 °C, the An of A4907 is 0.200 at A = 633 nm but
slightly decreases to 0.185 at A = 905 nm.

2.2. Viscoelastic Constant

The viscoelastic constant y1/K11 is also temperature dependent. We obtain this value
from the measured transient decay time of the LC cell. The experimental (squares) and
fitting (solid line) results are shown in Figure 3. The fitting curve is plotted from follow-
ing equation [19]:

m _ Aexp(Ea/kBT)

— AP BB L) 3
Kiy (1-T/T,)P ®

O 1 1 1 1
20 40 60 80

Temperature (°C)

Figure 3. Temperature-dependent viscoelastic constant of DIC A4907. Squares are measured data
and solid line is fitting curve with Equation (3).
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In Equation (3), kp is the Boltzmann constant, E; is the activation energy, and A is the
proportionality constant, whose values are also included in Table 2.

2.3. Figure of Merit

Figure of merit, defined as FOM = An?/(1/K11), is a fair way to compare the
electro-optic performance of different materials [19]. Results are plotted in Figure 4, where
the dots are experimental data and the solid line is the fitting curve. As the temperature
increases, FoM increases first, reaching a peak, and then declines sharply as the temper-
ature approaches T.. Detailed mechanisms have been explained in [19]. In brief, as the
temperature increases, both An and 71 /K11 decrease but at different rates. In the beginning,
An decreases more slowly than 71 /Kj1, leading to an increased FoM. As the temperature
approaches T¢, An decreases more rapidly than 1 /Kjj, resulting in a sharply declined
FoM. The optimal operating temperature where FoM has a maximum value usually occurs
at ~20 °C below T,. From Figure 4, operating A4907 at 40 °C enhances the FoM by nearly
2X than that at 22 °C.

0.012
0.01
0.008
i% 0.006

0.004

0.002

0 1 1 1 1
20 40 60 80

Temperature (°C)

Figure 4. Temperature-dependent FoM of DIC A4907. Squares are measured data and solid line is
fitting curve.

2.4. Voltage Dependent Phase Change

As mentioned before, the operating temperature of a working LCoS device is about
40—-50 °C. Therefore, our studies focus on two temperatures: 40 °C and 50 °C. In ex-
periment, the voltage-dependent transmittance (V-T) curve of A4907 was measured at
A =633 nm, then it was converted to the voltage-dependent phase (V-®) curve depicted in
Figure 5. We should mention here that our measurement is based on transmission-type
cells, but the results can be converted to the corresponding reflection-type cells easily.
According to Figure 5, the V of A4907 is 2.6 Vs at 40 °C and 2.7 V5 at 50 °C (red lines).
The reason that V; slightly increases is mainly attributed to the decreased birefringence
as the temperature increases. Since our allowed V. is 5 V5, we could use a thinner cell
gap to achieve the desired 27 phase change. However, the cell gap in our lab is limited,
but we can extrapolate the V-@ curve of a different cell gap by using the phase retardation
equation 6 = 2dAn/A. For example, if the operating temperature is 50 °C, then a thinner
cell gap (3.95 um transmissive cell or 1.98 um reflective LCoS) can be applied to make Vy
at 5 Vs, as the blue line shows. In the meantime, the response time will be faster, which
will be discussed quantitatively later.
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Figure 5. Measured (red line) voltage-dependent phase change of a transmissive A4907 test cell
at A=633nm and 1 kHz. Cell gap is d = 5.34 pm, with Vy; = 2.6 Vs at T = 40 °C in (a)
and Vo =2.7 Vyys at T = 50 °C in (b). If we operate A4907 at 50 °C, we could use a slightly
thinner cell gap (3.95 pm transmissive cell or 1.98 um reflective LCoS, blue line in (b)) to increase
Vor to5 Vips.

Similar to A = 633 nm, we can also study the V-@ curve of this material at A = 905 nm,
which is the typical working wavelength for LIDAR. Based on the measured V-& curve at
A = 633nm, we can convert it to a desired wavelength using the phase retardation equation
6 =2mdAn/A. According to the fitting results in Figure 2, we find the birefringence of A4907
is 0.200 at A = 633 nm and 0.185 at A = 905 nm. Thus, it is quite straightforward to convert
the V-® curve from A = 633 nm (red solid line) to that at A = 905 nm, as the red dashed
lines show in Figure 6. However, after conversion the phase change is slightly less than
2m at 5V. Therefore, we slightly increase the cell gap from 5.34 um to 5.81 pm to boost the
phase change to 27t at 5V. The results are plotted in Figure 6 as the blue dashed lines.
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Figure 6. Voltage-dependent phase change of a transmissive A4907 test cell at A = 633 nm (red solid
line, measured) and A = 905 nm (red dashed line, converted). Cell gap is d = 5.34 um at T =40 °C. To
obtain V5 =5 V5, we should increase the cell gap from 5.34 pm to 5.81 um (blue dashed lines).

2.5. Response Time

The switching time (rise time and decay time) of an LC phase modulator between two
gray levels (V1 and V5) are determined by the LC cell gap, viscoelastic constant, threshold
voltage and operating voltages as follows [28]:

0
Ton = —————— 4)
" (Ve V)E -1
0
Toff =T —— 57/ )
|/ V) =1
_ md?
Ty = K]]T[Z. (6)

In Equations (4)—(6), Vy, is the threshold voltage, Ty is the free relaxation time, V4
and V; are the low and high gray-level voltage, respectively. According to previous
investigations [28,29], the sum of free relaxation time (V; = 0) and turn-on time (V; = 8th
gray level) is about the same as the average gray-to-gray rise and decay time. Therefore,
we let V1 =0and V;, = V;, in the response time extrapolation later.

We measured the rise time and decay time of A4907 at T = 40 °C and 50 °C with 27
phase change voltage. Then the experimental data are converted to reflection-type cells.
Results are shown in Table 3. Since the cell gap of the converted reflection-type cell is only
one half of the transmissive one, its response time is 4x faster than that of the corresponding
transmissive cell. For a d = 5.34 pm transmission-type cell at A = 633 nm, the total response
time (T, + Toﬁr) is 8.25 ms at T = 40 °C, and 6.23 ms at 50 °C. Since the allowed V5 is
5 Vims, a thinner cell gap can be adopted, as mentioned above (blue lines in Figure 5).
Under such condition, the value of V, increases, which significantly reduces the rise time,
as Equation (4) indicates. For a 1.88 pum reflection-type cell, the extrapolated total response
time is 2.5 ms at T =40 °C. If the operation temperature is increased to 50 °C, the total
response time is further reduced to 2.20 ms by using a 1.98 um cell gap in reflective mode,
which enables an LCoS SLM to operate at 400 Hz. Furthermore, if the working wavelength
shifts to 905 nm for LIDAR applications at T= 40 °C, then the corresponding cell gap should
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increase to 2.91 um for reflective mode, so that V;, is 5 V,s. In this case, the total response
time is 5.9 ms.

Table 3. Measured response time of a transmissive A4907 with d = 5.34 um, and the extrapolated response time to the
corresponding reflective cells at 40 °C (A = 633 nm and A = 905 nm) and 50 °C (A = 633 nm).

40 633 5.34 1.3 2.6 16.6 16.4 33.0 8.3
40 633 3.75 1.3 5.0 1.8 8.1 10.0 2.5
40 905 5.81 1.3 5.0 4.3 194 23.6 5.9
50 633 5.34 1.3 2.7 11.6 13.3 24.9 6.2
50 633 3.95 1.3 5.0 15 7.3 8.8 2.2

2.6. Photostability

For LCoS projection displays, the employed light source could be a high-power arc
lamp, RGB LEDs, or lasers. Although only RGB wavelengths are considered, the device
lifetime could still be affected by the blue light, depending on the employed organic or
inorganic alignment layer and the LC compound structures. For high brightness displays,
inorganic SiOy alignment layers [22] have been proven to be robust after long-term UV or
blue light exposure [23], but high An LC materials with excellent photostability in the blue
spectral region still have not been investigated thoroughly.

To study the photostability of A4907, we filled the LC mixture in a 9.42 pm test cell.
This test cell is comprised of ITO (indium tin oxide)-glass substrates overcoated with an
inorganic 5iO, alignment layer. Then, the filled test cell was exposed to a high-power
CW laser with A = 465 nm and intensity of 72 W/cm?. We checked the birefringence
and viscoelastic constant of the sample every 24 h. The measured results are recorded
in Figure 7. As the dosage increases, An and 7y1/K;; remain basically unchanged in the
first 20 MJ/cm?. To rule out the damage from SiOy alignment layer and ITO, we measured
the photostability of an empty cell without LC. Results indicate that the empty cell can
survive over 500 MJ/cm? dosage by the same high-power CW laser.

0.250 - - . . ; 16
—0—A4907 An
0245 i +A4907 71/K11 7T 15
0.240 114
50.235¢ 113 X
=
O230'-~_‘~.\\\\\\"””’.\\\\\\' 112
0.225 ¢} 111
0.220 : : : 10

0 5 10 15 20 25 30
Dosage (MJ/cmz)

Figure 7. Measured photostability of A4907 with a blue laser at A = 465 nm at 22 °C. Probing laser
A =633 nm.
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3. Conclusions

In conclusion, a new LC mixture, designated as A4907, was developed. This mixture
is a promising candidate for high brightness LCoS SLM and LIDAR applications. A4907
exhibits fast response time, low operation voltage, and adequate photostability. It achieves
2.5 ms total response time at 40 °C for A = 633nm, and 5.9 ms for A = 905nm, respectively,
while the 27 phase change voltage remains as low as 5 V5. No sign of photodegradation
up to 20 MJ/cm? dosage is observed at A = 465 nm. Practical applications of A4907 for laser-
based SLMs, LiDAR, high brightness AR displays, and head-up displays are foreseeable.
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