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ABSTRACT
We have experimentally demonstrated broadband light modulation by achromatic liquid crystal (LC) polarization
gratings (PGs), which manifest polarization-independent modulation with high eﬃciencies (≥ 95%). Recently, we
introduced achromatic PGs with a unique double-layer, reversed-twist structure as eﬃcient, broadband polarizing
beamsplitters. We now report on our successful implementation of electrically switchable achromatic LCPGs on a
reﬂective substrate. To pattern a spiraling, periodically varying LC proﬁle, we utilize polarization holography and
photoalignment techniques. Use of reﬂective substrates enables the same retardation compensation of doublelayer achromatic PGs. In addition, perhaps most importantly, the single cell structure allows the electro-optical
switching/modulation by applying an electric ﬁeld across the cell. The achromatic LCPG sample shows steeper
voltage responses and less spectral shifts while operating in grayscale with respect to previously reported LCPGs.
Relatively faster switching times (∼6 msec for 3 µm-thickness) were measured compared to a conventional
LCPG with the same thickness (∼10 msec). Interesting electro-optical behaviors were also observed including
zero-voltage threshold and a hysteresis in the voltage response.
Keywords: achromatic diﬀraction, polarization grating, liquid crystals, holography, polarizing beamsplitter,
light modulator

1. INTRODUCTION
Eﬃcient light modulation is essential for displays, light shutters, optical data storages, optical communication,
and many other applications. Recent advances in liquid crystal polarization gratings (LCPGs)1–5 suggest they
have strong potential as polarization independent light modulators, exhibiting a high contrast ratio and a high
diﬀraction eﬃciency up to ∼ 100%. Since LCPGs can modulate unpolarized light and remove polarizers from
conventional LC swtiching devices, the overall eﬃciency/throughput can be doubled, especially suitable for
portable displays and pocket-size projectors. There are a number of alternative approaches for polarizationindependent light modulators, including LC-gels,6 PDLCs,7 H-PDLCs,8 and binary LC gratings.9 Most of them,
however, suﬀer from inherent scattering, low contrast ratios, and limited peak eﬃciencies. While conventional
LCPGs avoid or overcome these disadvantages, their reﬂectance/transmittance properties are nevertheless not
completely insensitive to wavelength, as most retardation-based LC elements (e.g. homogeneous LC cell between
crossed-polarizers). Although this wavelength sensitivity is usual in LC devices, achromatic diﬀraction is much
more attractive for applications where a broadband light source is used.10–12
The majority of LC light modulators operate by controlling the direction of polarization of the light passing
through it, via the birefringence and perhaps twist of the LC layer. Since the optical properties of such LC
modulators are very sensitive to polarizations of incident light, practically all of them require a single, known
input polarization, usually achieved with a polarizer at the device input that reduces the light eﬃciency by
more than 50%. In addition, some of these have dependance on wavelengths due to the material dispersion
(e.g. most easily observed in tunable LC waveplates as well as vertically-aligned-nematic (VAN) mode displays).
The wavelength sensitivity may lead to spectral shifts in the grayscale properties with applied RMS voltages.
There are a number of ways to compensate this chromatic dependance. The most successful approach is through
retardation compensation, and the case most relevant to this work is double-layered super-twisted LC devices,13
which is possible by balancing the dispersion of retardation and optical activity induced by the twist.
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Figure 1. Basic structure and light switching of a reﬂective achromatic LCPG: (b) diﬀraction from reﬂective achromatic
PGs; (b) a spiraling, periodically varying anisotropy proﬁle of Circular PGs; (c) a schematic view of transmissive achromatic PG; (d) a reﬂective achromatic LCPG and its electro-optical switching.

We here report on our recent successful demonstrations of electrically switchable achromatic LCPGs on
reﬂective substrates, which shows polarization-independent modulation as well as very high eﬃciencies (up to ∼
100%). We already demonstrated transmissive achromatic PGs formed as polymer ﬁlms of reactive mesogens.14, 15
Since the self-compensated structure for achromatic PGs requires two twisted layers with opposite twist senses
(i.e., left- or right-handednesses) as shown in Fig. 1(c), two separate LCPG cells can be assembled. However,
a double cell structure may cause a number of problems, including high driving voltages and image parallax
due to the middle substrate. We have found a unique way to implement achromatic LCPGs as a single-cell
reﬂective LC device utilizing the antisymmetric (or chiral) nature of twist upon reﬂection (i.e., light experiences
left-and right-handed twist before and after reﬂection, respectively). We implemented achromatic LCPG samples
showing broadband diﬀraction with high eﬃciencies (≥ 95%) over the visible wavelengths (450 nm to 650 nm).
We will show electro-optical properties of achromatic LCPGs including voltage responses, switching times, and
diﬀraction spectra in grayscale operation. We will also discuss the eﬀect of the presence of twist on the electrooptical properties – fast switching and hysteresis in the voltage response.

2. BACKGROUND
16–19

The most-studied PGs
have its anisotropic proﬁle consisting of a spiraling, constant magnitude, linear
birefringence but constant along the thickness (i.e., n(x) = [sin(πx/Λ), cos(πx/Λ), 0], where n is a unity vector,
also known as a nematic director for LCs, to describe the orientation of the linear birefringence and Λ is the
eﬀective optical period) as shown in Fig. 1(b), which are also called Circular PGs20 due to their sensitivity of
diﬀraction to the circular polarization. The ideal diﬀraction eﬃciency at normal incidence can be derived with
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Jones calculus21 (a reformulation of Refs.16, 19 ):
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(1b)

where ηm is the diﬀraction eﬃciency of the mth -order, λ is the vacuum wavelength of incident light, ∆n is
the linear birefringence, d is the grating thickness, and S3 = S3 /S0 is the normalized Strokes parameter22
corresponding to ellipticity of the incident polarization. Circular PGs manifest a unique combination of optical
properties including only three orders (0 and ±1) possible, up to 100% eﬃciency into a single order, orthogonal
circular polarizations (left- and right-handed) of the ﬁrst orders. Note that the diﬀraction behavior of Circular
PGs depends modestly on the wavelength (through ∆nd/λ in Eqs. 1).
We introduced achromatic polarization gratings15 with low-angle twist (∼ 70◦ ) as shown in Fig. 1(c). For the
achromatic PGs, the anisotropy pattern varies also with the thickness (i.e., twist for LCs), not only in the plane.
The achromatic diﬀraction can be achieved by the self-retardation compensation of the double-layer reversed-twist
structure with the same angle but the opposite sense of twist. Similar achromatic eﬀect by twist is well known
in super-twisted nematic LC displays. We derived the analytical expressions for diﬀraction properties including
ﬁeld vectors and eﬃciencies using the Jones matrix analysis and experimentally demonstrated achromatic PGs
as thin transparent polymer ﬁlms of reactive mesogen (polymerizable LC).23, 24 The maximum bandwidth for a
high eﬃciency (≥ 99%) was obtained over the entire visible wavelengths (i.e., from 450 nm to 650 nm).
The achromatic PG comprises two antisymmetric chiral Circular PG layers with opposite twist senses, where
the nematic director n follows:
n(x, z) = [cos φ(x, z), sin φ(x, z), 0]

πx/Λ + Φz/d
if 0 ≤ z ≤ d
φ(x, z) =
πx/Λ − Φz/d + 2Φ if d < z ≤ 2d

(2a)
(2b)

where φ is the azimuth angle of the director ﬁeld, Λ is the grating period, d is the thickness, and Φ is the twist
angle of each chiral layer. Fig. 1(c) illustrates this proﬁle. Nematic LC materials and photoalignment techniques
are ideal to create this anisotropic pattern since their orientation can be initially established by surfaces and
amount of chiral dopants.
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The diﬀraction eﬃciency ηm of order m for the achromatic PG also may be calculated using Jones calculus25, 26
under the paraxial (small-angle) approximation. Since the derivation for our anisotropy proﬁle (Eqs. (2)) involves
lengthy expressions, here we will only summarize the approach and include the ﬁnal result (referring the reader
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Figure 2. Expected diﬀraction properties of a achromatic PG from the Jones vector analysis: (a) diﬀraction eﬃciency map
for diﬀerent twist angles Φ and (b) the ﬁrst-order eﬃciency spectrum with the maximum bandwidth for high diﬀraction
eﬃciencies (≥ 99%). Note that the maximum bandwidth can be achieved when Φ ≈ 70◦ (highlighted in the part (a)).
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to Ref.14 for details). First, we ﬁnd the spatially-varying 2 × 2 transfer matrix TAP G (x), incorporating all
grating geometry and material anisotropy. The achromatic PG proﬁle is expressed as multiple thin layers of
Circular PGs with a small lateral phase shift between them, akin to the analysis of twisted nematic LC modes
as stratiﬁed media.27 Second, we ﬁnd the electric ﬁeld of diﬀraction order m far from the grating as Dm =
Λ
(1/Λ) 0 TAP G (x)Ein e−i2πmx/Λ dx. Finally, we determine the diﬀraction eﬃciency as ηm = |Dm |2 /|Ein |2 ,
which may be analytically summarized by the following:



2
η0 = cos2 X + Φ2 − Γ2 sinc 2 X


A2
(1 ∓ S3 ) cos2 X + Φ2 sinc 2 X
η±1 =
2

(3a)
(3b)

√
Φ2 + Γ2 , A = 2Γ sinc X, and sinc X ≡ (sin X)/X. The grating equation
where Γ = π∆nd/λ, X =
sin θm = mλ/Λ ± sin θin governs diﬀraction angles (Fig. 1(a)).
Several important properties should be noted in Eqs. (3) and in Ref.14 First, only three diﬀraction orders
(0 and ±1) exist, which depend on both the retardation ∆nd/λ and the twist angle Φ. We will show that
Ση±1 ≈ 100% over a wide wavelength range by balancing the eﬀect of retardation and twist. Second, the ﬁrstorders have orthogonal circular polarizations (Fig. 1(c)). Third, the ﬁrst-order eﬃciencies are strongly sensitive
to the incident polarization state through S3 (akin to Circular PGs). Overall, we understand the achromaticity
of the two antisymmetric chiral layers as self-compensation, via counteracting chromatic dispersions in the linear
and twist-induced circular birefringences.13
To enable quantitative evaluation, we deﬁne bandwidth as ∆λ/λ0 , the ratio of the spectral range ∆λ (over
which high diﬀraction eﬃciency Ση±1 ≥ 99% occurs) to the center wavelength λ0 . We employ Eq. (3b) to
generate a map of total ﬁrst-order diﬀraction eﬃciency as a function of the retardation and the twist angle
(shown in Fig. 2(a)). The maximum bandwidth ( 56.1%) is found when Φ = 70◦ . Note, this is more than
a four-fold enhancement as compared with a conventional Circular PG ( 12.8%), as shown in Fig. 2(b) with
relative bandwidths highlighted.

3. SWITCHABLE, ACHROMATIC LCPGS ON REFLECTIVE SUBSTRATES
We introduce a simple but eﬀective way to implement a reﬂective version of the achromatic PG, which allows
electro-optical switching as well as the same polarization diﬀraction properties in principle. Use of a reﬂective
substrate eﬀectively captures the self-compensation of retardation dispersion within a single cell. In addition,
the degenerate surface allows to control the twist angle only by the amount of chiral dopants without precision
substrate registrations. We expect the same diﬀraction properties as expected from the Jones vector analysis in
Eqs. 3. We will discuss the basic structure, fabrication methods, and experimental results of the electro-optical
behaviors of reﬂective achromatic LCPGs in this section.

3.1 Structure
The achromatic LCPG consists of a cell structure of a transmissive substrate with a LC alignment layer on a
transparent electrode (i.e., ITO) and a reﬂective substrate (i.e., aluminum coated glass), whose surface is treated
for degenerate anchoring of LCs. The cell thickness d is determined to deliver a half-wave retardation (i.e.,
d ≈ λ/2∆n) when light travels through the cell. The cell is ﬁlled with nematic liquid crystals with ∼ 70◦ twist to
form the grating as shown in Fig. 1(d), which is controlled by surface alignment and amount of chiral dopants in
the LC mixture. Without applied ﬁelds, light over a broad range of wavelengths (450 nm to 650 nm) is diﬀracted
into the ﬁrst-orders.
Electro-optical switching can be achieved by applying an electric ﬁeld across the cell and a voltage over the
threshold will deform the LC proﬁle to be tilted along the ﬁeld direction. Since the LC proﬁle will keep the same
twist angle, the diﬀraction spectra will move up and down with varying the voltage without noticeable spectral
shifts. When the applied voltage is high enough to erase the grating structure, light will be directly reﬂected.
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Figure 3. Fabrication procedures for reﬂective achromatic LCPGs using the polarization holography and photo-alignment
techniques for LCs. A spiraling anisotropy proﬁle is patterned on the photoalignment layer (LPP) surface and the reﬂective
surface is coated with 3-GPS for for degenerate anchoring of LCs. Then, both substrates are assembled to form a cell to
ﬁll with LC mixtures.

3.2 Fabrication
We have fabricated defect-free LCPGs (conventional Circular PGs) with ultra-high eﬃciency (≥ 99%) and low
scattering (< 0.2%) by polarization holography and photo-alignment techniques for LCs.4, 5 The key of the
fabrication technique is the use of photo-alignment materials that allow the separation of hologram recording
and grating structure ampliﬁcation.28, 29 For achromatic LCPGs, a reﬂective substrate treated for degenerate
surface anchoring of LCs must be used to achieve the self-compensation eﬀect in a single-cell structure.
As shown in Figure 3, fabrication of achromatic LCPGs proceeds with following four basic steps: ﬁrst, a thin
layer of photo-alignment material is coated on a ITO glass(Figure 3(a)); second, the substrate is exposed with
two coherent beams from a laser with orthogonal circular polarizations at a small angle, leading to polarization
interference with a constant intensity (Figure 3(b)); third,a reﬂective substrate with aluminum coating is prepared
for its degenerate anchoring surface (Figure 3(c)); the ITO glass and reﬂective substrate are assembled to achieve
a uniform cell thickness d and then the cell is ﬁlled with nematic LC mixtures with chiral dopants, preferably
within its isotropic state (Figure 3(d)).
The following process was used for the results reported here. An index-matched ITO glass substrate (from
Thin Film Devices Inc.) with a broadband AR coating was used to minimize Fresnel losses due to index mismatch
(i.e., reﬂections at an air-glass interface). We coated the ITO substrate with a photoalignment material ROP1032CP (from Rolic, with standard recommended coating processing). A HeCd laser (325 nm) delivering a dose
of 5 J/cm2 with orthogonal circularly polarized beams was used to expose a surface periodic alignment pattern
with a period of Λ =9 µm. A standard aluminum-coated glass substrate (from Edmund Optics) was coated with
(3-glycidoxypropyl) trimethoxysilane (also called 3-GPS) to form a dense, homogeneous monolayer, which allows
in-plane degenerate surface anchoring of LCs. The ITO and Al substrates were assembled to to form a 3 µmthickness cell. We prepared a LC mixture of nematic liquid crystal MLC-12100-000 (from Merck, ∆n = 0.113,
TNI = 92 ◦ C, K1 = 11.4 pN, K3 = 13.8 pN, ∆ε = 8.5, γ1 = 183 mPa-sec) with a small amount (∼ 0.22%)
of chiral dopant CB15 (from Merck, right-handed, HTP  7.3 µm−1 ), chosen so that the twist angle Φ = 70◦ .
Filling of the LC mixture was done on a hotplate at 130 ◦ C.

4. ELECTRO-OPTICAL BEHAVIORS OF REFLECTIVE ACHROMATIC LCPGS
We have demonstrated a reﬂective achromatic LCPG that allows electrical switching of broadband light (i.e.,
white light or red, green, blue LEDs). Several deﬁnitions will be helpful as we characterize the inherent properties
of achromatic LCPGs: (i) grating eﬃciency ηm = Im /( + I1 + I0 + I+1 + ), is a normalized term that describes
the inherent diﬀraction behavior, and is directly comparable to Eq. 3; (ii) total ﬁrst-order reﬂectance R =
(I1 + I+1 )/IIN is a true (unnormalized) measure including all substrate, interface, and grating eﬀects; and (iii)
full-on-full-oﬀ contrast ratio, deﬁned as ION /IOF F . In each of these, Im is the measured intensity of the mth
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Figure 4. Electro-optical properties of the reﬂective achromatic LCPG sample: (a) voltage response of the ﬁrst-order
eﬃciency for RGB LED light; (b) contrast ratios at 6, 8, 10 V; (c) diﬀraction spectra with various applied voltages; (d)
switching times.

reﬂected diﬀraction order, IIN is the incident intensity, and ION /IOF F is the maximum/minimum total ﬁrstorder incident intensity. Electro-optic measurements on mirror-substrates involved a 4 kHz square wave (with
zero DC bias). Note that all applied voltages were in RMS values.
The voltage response of a reﬂective LCPG (Λ = 9 µm, d = 3 µm) is shown in Fig. 4(a). The grating eﬃciency
and reﬂectance (of the ﬁrst-orders) were measured with unpolarized red, green, and blue LEDs (collimated for
this measurement to ∼ 4◦ ). We observe that the achromatic LCPG diﬀracts all RGB LEDs with eﬃciency
Ση±1 ≥ 95% and reﬂectance R ≥ 90% without voltage modulation. Diﬀraction eﬃciencies for red and green
LEDs (≥ 98%) reach nearly the 100% theoretical value while the blue LED produces a slightly lower value
(∼ 95%) due to the dispersion of LC birefringence (in general, larger values for shorter wavelengths). Further
optimization can be done by a ﬁne tuning of the thickness and the amount of chiral dopants in the LC mixture.
Losses in reﬂectance predominantly result from electrode-absorptions. Note that the achromatic LCPG sample
does not show a voltage threshold.
The contrast ratios were also measured by comparing ﬁrst-order diﬀracted powers without applied voltage (0
V) with respect to diﬀracted powers at three diﬀerent applied voltages (6, 8, 10 V). As shown in Fig. 4(b), the
maximum contrast ratio ≥ 400 was measured with red LED light (contrast ratios of 140 and 70 with green and
blue LEDs, respectively), which is much higher than the best previous report of conventional reﬂective LCPGs5
(i.e., CR≥ 50 at 13 V applied voltage). We believe that the eﬀect of twist and degenerate surface anchoring of
LCs result in such a low voltage threshold and high contrast ratios.
To characterize the grayscale operation, we also measured diﬀraction spectra of the achromatic LCPG with
varying applied voltages. We estimated the ﬁrst-order eﬃciency from the zero-order reﬂection spectra (Ση±1 ≈
η0 ) because of diﬃculty of its direct measurement. Fig. 4(b) shows estimated ﬁrst-order eﬃciencies at diﬀerent
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Figure 5. Voltage response of the zero-order eﬃciency with HeNe red laser light. A hysteresis is observed and the transitions
occur at ∼ 6 V and ∼ 2.5 V while increasing and decreasing applied voltages, respectively.

RMS voltages (0, 1.5, 2.5, 3, 4, 5, 10 V). The diﬀraction spectrum moves mostly up-and-down without noticeable
spectral shifts. In addition, the achromatic LCPG exhibits a steeper grayscale curve than the conventional
LCPGs.5
The dynamic response was also characterized, where a few ms total switching times are typical for conventional
LCPGs.4 Fig. 5(a) shows the rise and fall times (10% – 90% transitions) of the achromatic LCPG switching
from 0V to the indicated applied voltage. The total switching times ∼ 6 ms was measured. The general trend is
similar to other LC modes: rise-time is strongly dependent on voltage, while fall-time is roughly constant. These
switching times are ∼ 2 times faster than a conventional LCPG with a same thickness while a normal LCPG
requires a 1/4-wave thickness instead of a 1/2-wave thickness. Since the switching times are generally proportional
to a square of the thickness, the increase of switching times due to doubled thickness of the reﬂective achromatic
LCPG is only two-times rather than four-times with respect to those of a conventional reﬂective LCPG.
Somewhat surprisingly, we noticed a hysteresis in the voltage response curve of diﬀraction eﬃciencies (both
zero- and ﬁrst-order) of the reﬂective achromatic LCPG sample, as shown in Fig. 5. We believe that such a
hysteresis has its origin in the presence of twist in the LCPG cell.30, 31 Transitions for the hysteresis are always
found at certain applied voltages across many samples as shown in Fig. 5; one transition occurs at ∼ 6 V while
increasing the voltage and the other occurs at ∼ 2.5 V while decreasing the voltage. This eﬀect appears more
evident in the voltage response of the zero-order eﬃciency as shown in Fig. 5, while it is also seen from the
ﬁrst-order diﬀraction. We will investigate more on this interesting electro-optical properties in the future.

5. CONCLUSIONS
We have demonstrated an achromatic LCPG as electrically switchable reﬂective LC device, which manifests
high eﬃciency (≥ 95%) over a broad spectral range. We stress that this polarizer-free LC device can modulate
white, unpolarized light, which we demonstrate here with red, green, and blue LEDs. To achieve these achromatic
properties, we employed a reﬂective substrate with special surface treatment using 3-GPS for in-plane degenerate
anchoring of LCs. The reﬂective conﬁguration allows self-compensation for achromatic diﬀraction within a single
cell structure with aid of the chiral (or antisymmetric) nature of LC twist (ﬂipping to the opposite handedness
upon reﬂection). The achromatic LCPG sample shows uniform diﬀraction spectra with less spectral shifts in
grayscale operation. We also found the presence of a noticeable hysteresis in the reﬂectance voltage response,
which we suspect is caused in part by the twisting tendancy of the chiral nematic. Relatively fast switching
times (∼ 6 ms) and zero threshold voltage were measured for the ﬁrst-order diﬀraction. The achromatic LCPG
oﬀers advantages of broadband unpolarized light switching at high eﬃciency, reasonably high switching speed,
and excellent grayscale characteristics, which are all important parameters for displays, optical communication,
data storage, and many other applications.
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