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(Received 10 October 2011; accepted 12 November 2011; published online 20 December 2011)

We demonstrate a fast-switching (sub-millisecond) phase grating based upon a polymer stabilized

short-pitch chiral nematic liquid crystal that is electrically addressed using in-plane electric fields.

The combination of the short-pitch and the polymer stabilization enables the diffraction pattern to

be switched “on” and “off” reversibly in 600 ls. Results are presented on the far-field diffraction

pattern along with the intensity of the diffraction orders as a function of the applied electric field

and the response times. VC 2011 American Institute of Physics. [doi:10.1063/1.3670041]

Liquid crystals (LCs) have shown considerable promise

as electrically addressable phase gratings.1–4 Most LC phase

gratings reported in the literature are based upon nematic

technology that are subjected to different electric field con-

figurations or patterns that lead to the diffracting element.

Research has also been conducted on chiral nematic LCs

where diffraction can arise from refractive index variation

due to a modulated “finger print” texture.5,6 In general, the

main limitation with these collective technologies is the time

required for the LC to respond, which is typically of the

order of 10–100 ms.

There are alternative LC electro-optic effects that exhibit

much more rapid rise and decay response times. One example

is blue phase (BP) LCs, which has attracted renewed interest

due to the development of wide temperature range materials

that occur either naturally7,8 or through the use of polymer

stabilization.9 Recently, phase gratings based upon these

materials have been reported, which have a much shorter

response time than conventional nematic gratings.10 However,

at present, these devices require special processing conditions

to create the structure such as photo-polymerization at a pre-

cise temperature.

In this letter, we demonstrate that short-pitch polymer

stabilized chiral nematics can be used to form phase gratings

that respond in equally rapid rise and decay times to that

observed for blue phase devices. This is based upon a mode

of operation consisting of very short pitch chiral nematic

LCs (<250 nm) that are electrically addressed with in-plane

switching (IPS) technology when in the uniform standing he-

lix (USH) geometry.11,12 An illustration of the device config-

uration and the change in the optical indicatrix with an

applied electric field between the in-plane electrodes is

shown in Fig. 1.

The chiral nematic mixture was based upon a commer-

cially available nematic LC (MDA-00-3506, Merck KGaA)

that was doped with a relatively low concentration (7 wt. %)

of the high twisting power chiral dopant (R5011, Merck

KGaA) so as to form a chiral nematic with a pitch that was

less than 250 nm. To this mixture was added a reactive meso-

gen (RM257, concentration¼ 7 wt. %) and photo-initiator

(Irgacure 819, concentration¼ 0.7 wt. %) that would later

form the polymer network. Cells consisted of one substrate

that had been coated with an inter-digitated indium-tin-oxide

structure (150 nm-thick) that provided the lateral (in-plane)

electric field (fabricated by LG Display). The separation

between successive electrodes was s¼ 9 lm (inter-electrode

spacing) and each had a width of w¼ 4 lm. 5 lm spacer

beads were used to set the cell gap. After capillary filling the

mixture into the cell, exposure (15 min duration) with ultra-

violet light at a wavelength of 365 nm and a power density

of 5 mW/cm2 resulted in the formation of a polymer network

that stabilized the chiral nematic structure.

Insight into the phase profile of the device may be

gained from a polarizing optical microscope image of the

polymer stabilized chiral nematic when subjected to an elec-

tric field of 14 V/lm, Fig. 2. These images were recorded at

a temperature of 25 �C on a high magnification polarizing

microscope (BX60, Olympus) using crossed polarizers. In

the absence of an electric field, the cell appears dark between

crossed polarizers because, at normal incidence, there is no

net retardation and the sample appears uniformly optically

inactive (cf. Fig. 1(b)). With the application of an electric

field with a frequency of 1 kHz, an effective birefringence is

induced in the plane of the device between the electrode pix-

els, which increases as the strength of the field is increased.

In this region, the intensity of the light that is transmitted

increases with the electric field, whereas the regions directly

above the electrodes remain dark. As a result, the intensity

profile across the cell, which is shown in the graph at the top

of Fig. 2, is approximately a two-level step function.

A linearly polarized He-Ne laser (k¼ 632.8 nm) was

used to generate a diffraction pattern in the far-field at a dis-

tance of 25 cm from the sample. Figure 3 is a collection of

photographs of the resulting diffraction pattern for four dif-

ferent electric field strengths when the plane of polarization

was along the same direction as the applied electric field. In

the absence of an electric field, only a single zeroth order

spot is observed. As the field strength E is increased to

approximately 7 V/lm, the 61 orders (h¼ 3.1�) become

a)Author to whom correspondence should be addressed. Electronic mail:

hjc37@cam.ac.uk.
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visible, whereas the 62 orders (h¼ 6.1�) are only just begin-

ning to appear.

Here E is calculated as the applied voltage at the electro-

des divided by the electrode separation, s, and no attempt has

been made to correct for the reduced electric field in the

inter-electrode volume due to the surface electrodes. Follow-

ing Kim et al., one might expect the effective internal field

to be reduced by approximately a factor of 3.13 The intensity

contained with each order continues to increase as the field

strength increases and eventually the 63 orders (h¼ 9.1�)
become visible at around 14 V/lm. Since these measure-

ments were carried out at normal incidence, we can apply

the standard relationship of Ksin h¼mk to determine the

grating period, K, which is found to be 12 6 1 lm. This is in

good agreement with the dimensions of the inter-electrode

spacing and the electrode width (K¼ sþw¼ 13 lm). The

graph shown in Fig. 3(e) represents the intensity profile

across the diffraction pattern and it is clear that the 1st, 2nd,

and 3 rd orders are present. In this case, the 2nd order is not

suppressed due to the mismatch in the dimensions between

the inter-electrode region and the electrode region.

The relative intensity of the zeroth order as well as the

þ1 and þ2 orders are plotted in Fig. 4 as a function of the

applied electric field strength at a temperature of 25 �C. For

each data set, the intensity was recorded in the far-field at a

distance of 25 cm from the sample by a fast photodiode that

was connected to a digitizing oscilloscope (Agilent). A

Glan-Taylor polarizer was used to define the input polariza-

tion at the sample, and an iris placed before the detector

ensured that only the intensity of one order was recorded at

any one time. As the electric field strength is increased, the

intensity in the zeroth order is decreased as energy is trans-

ferred to the higher orders. Maximum diffraction efficiency

is achieved at an electric field strength of 23 V/lm. At nor-

mal incidence, identical curves are obtained for the –1 and

–2 orders. The diffraction efficiency, defined as the intensity

of the þ1st order relative to the total intensity of the zeroth

order in the absence of an applied electric field, is found to

be �20%. This is comparable to conventional nematic and

non-polymer stabilized chiral nematic devices but somewhat

lower than that observed recently for BPLC phase gratings.

FIG. 2. (Color online) Photograph of the short pitch polymer-stabilized chi-

ral nematic liquid crystal between crossed polarizers for an electric field

strength of E¼ 14 V/lm with a bipolar square wave at a frequency of 1 kHz.

The grating period is K¼ 13 lm. A plot of the intensity profile is also

shown.

FIG. 3. (Color online) Photographs of the far-field diffraction pattern for

different electric field strengths of a bipolar square wave with a frequency of

1 kHz. (a) E¼ 0 V/lm, (b) E¼ 7 V/lm, (c) E¼ 14 V/lm, and (d) E¼ 29 V/

lm. (e) The intensity profile of the diffraction pattern for E¼ 29 V/lm. The

incident laser wavelength was k¼ 632.8 nm and the results are for an input

polarization that is parallel to the E-field direction.

FIG. 4. A plot of the ratio In/ITotal (the intensity of the nth diffraction order/

the total intensity of the zeroth order for E¼ 0 V/lm) as a function of the

electric field strength. Three orders are shown: zeroth (squares), þ1st

(circles), and þ2nd (triangles) orders. The inset corresponds to the theoreti-

cal results obtained using the expressions provided in Eqs. (1) and (2).

FIG. 1. (Color online) Illustration of (a) the device configuration and (b) the

change of the optical indicatrix with an applied electric field.
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The qualitative behaviour of the device can be

accounted for using a simple analytic model. Using the in-

tensity profile plot shown in Fig. 2 as an indication of the

phase profile across the device, the far field diffraction pat-

tern can be calculated from the Fourier transform of the ap-

proximate two-level aperture function: f¼ exp (ih) between

the electrodes and f¼ 1 above the electrodes. The relative

phase h is proportional to the square of the applied voltage

h¼ aV2. This gives the normalized zeroth order transmitted

intensity as a function of applied voltage

I0 ¼ 1þ 2
s

K
s

K
� 1

� �
ð1� cosðaV2ÞÞ for n¼ 0 (1)

and the nth order transmitted intensity

In¼
2

n2p2
sin2 np

s

K

� �
ð1�cosðaV2ÞÞ for n¼61;62;63;…

(2)

The curves are shown in the inset of Fig. 4(a) where it can be

seen that there is a good qualitative agreement with the ex-

perimental data (s¼ 9 lm and K¼ 13 lm). To achieve quan-

titative agreement, it would seem necessary to describe the

phase profile more accurately. The analytic model shows

that the diffraction efficiency may be expected to increase if

the inter-electrode spacing is equal to the electrode width

(s¼K/2). This may explain the lower diffraction efficiency

of our device with respect to the BPLC grating of Ref. 10 for

which the s¼K/2 condition was realized.

The chiral nematic phase gratings are found to be polar-

ization dependent. Results showed that the phase modulation

is greatest for the polarization parallel to the applied electric

field although there is a weak modulation for the orthogonal

polarization. This corresponds with the greater contrast in

the effective refractive indices in the direction of the applied

electric field. Due to the complexity of the structure, an exact

description of the director profile is not yet known when the

electric field is applied but this does not affect our treatment

in the present study.

Evidence of the short response times of the phase gra-

ting is presented in Fig. 5. Here the rise and decay times rep-

resent the time required for the intensity of the zeroth order

to respond to a train of bipolar pulses at a frequency of

1 kHz. The rise and decay times correspond to a 10%–90%

and 90%–10% change in the transmission level, respectively.

These times have different dependencies upon the electric

field strength but at values corresponding to maximum dif-

fraction efficiencies (E¼ 23 V/lm) both the rise and decay

times are substantially below 1 ms being s� 600 ls. It is im-

portant to note that a significant reduction of the response

time can be achieved by further decreasing the pitch of the

helix or by operating at slightly elevated temperatures (e.g.,

35 �C).11

In summary, we have presented a phase grating based

upon a short-pitch polymer stabilized chiral nematic LC. By

virtue of the short pitch, the time required for the diffraction

pattern to be generated is �600 ls. Furthermore, by polymer

stabilizing the structure, the generation and removal of the

diffraction pattern is fully reversible. Further improvements

to the material and the device architecture will enable lower

voltages and higher diffraction efficiencies to be realised

making these LC phase gratings promising for applications

which demand sub-millisecond timescales.
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