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LIQUID CRYSTAL DIFFRACTIVE ELEMENTS 

IAN MASON AND GUY BRYAN-BROWN 

Defence Research Agency, Great Malvern, Worcestershire, United Kingdom 

Abstract Liquid crystal phase effect devices have been an area of interest for 
some time. Our studies have involved creating phase effect diffiactive elements 
and investigating their physical properties. These devices have been shown to 
possess high diffraction efficiencies at short wavelengths and to have short 
switching times. The research has included theoretical work which has shown 
very good agreement with our observations. 

There are many applications for switchable beam elements in optical systems’. These 

include switchable diffractive elements2. The use of liquid crystals in phase effect 

devices is well known3 although primarily in displays of some sort. There are 

descriptions of diffraction based devices which have been constructed in order to have 

certain wavelength responses4. In this paper we outline the work done at DRA on 

designing, fabricating and assesing a novel design of liquid crystal device. Our devices 

use phase effects to provide the diffiactive outcome. I shall describe our experiments 

and elaborate upon the success of our models in explaining the results we have 

obtained. I shall then discuss the areas where further research is required in order to 

achieve a more full understanding of our devices. 
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332 I. MASON AND G.  BRYAN-BROWN 

Theorv 
A simple analysis of a diffractive element proceeds as follows. 

I c. 
FIGURE 1 A simple phase grating 

The grating illustrated has a depth h and consists of two regions having different 

refractive indices n, and n2. Consider a plane wave impinging upon the grating at 

normal incidence. The emerging wavefront consists of regions of different phase. This 

phase difference r is given by5. 

If r is equal to W2 (where h is the wavelength of the incident light) then the two 

portions of the wavefront will produce destructive interference in the zeroth order. This 

is well known and fuller explanations may be found elsewhere in the literature5. A 

nematic liquid crystal posses anisotropic refractive indices and this may be utilised in a 

switchable device to produce the above effects. 

Our cells were constructed as shown in figure 1. 
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LIQUID CRYSTAL DIFFRACTIVE ELEMENTS 333 

FIGURE 1 Phase grating cell 

Indium Tin Oxide on a glass substrate of the type generally used in the 

fabrication of liquid Crystal cells was etched by ion beam milling to give a series of 

electrodes. The surface of this substrate was planarised by spinning down a polyimide 

layer which was then prepared and rubbed as normal for L.C. cell fabrication. The 

rubbing direction was set to be orthogonal to the I.T.O. electrode direction. An upper 

layer was prepared from a glass with I.T.O. substrate to which was added a polyimide 

layer which was rubbed as usual. A cell was then constructed from these two prepared 

substrates with the two rubbing directions set to be anti-parallel. Typically the track 

pitch was lOpm with cell thickness varying between 1.5 - 10pm. Once assembled, the 

cell was filled with Merck nematic liquid crystal BL036 and cell switching was 

investigated. 

. .  i2.d- 
Our investigations of cell switching characteristics looked at three major features. 

These were the static and dynamic switching properties and also the behaviour of the 

diffracted orders. The mode of operation was designed to be the following. 

D
ow

nl
oa

de
d 

by
 [

T
om

sk
 S

ta
te

 U
ni

ve
rs

ity
 o

f 
C

on
tr

ol
 S

ys
te

m
s 

an
d 

R
ad

io
] 

at
 1

0:
20

 1
8 

Fe
br

ua
ry

 2
01

3 



334 I. MASON AND G .  BRYAN-BROWN 

With zero volts applied to the cells, all polarisations of light see a uniform 

refractive index in all parts of the cell and so no diffraction will take place. When a 

voltage is applied across the cell those areas of the diquid crystal above the I.T.O. switch 

from planar homogeneous to homeotropic, whilst the other areas remain homogeneous. 

That is the director becomes orthogonal to the plane of the cell substrates above the 

I.T.O. strips. Light polarised orthogonal to the cell rubbing direction still interacts with 

a uniform refractive index ( the ordinary refractive index n, ). However light polarised 

along the rubbing direction of the cell sees a refractive index difference between the 

switched and unswitched areas of the cell and so a phase grating is apparent to it, and 

diffraction will occur 

Cells were set into our optical bench as shown in the diagram. 

L.C. CELL 

FIGURE 2 Optical bench setup 

The He-Ne was of a power of 4mW at 632.8 nm. The detector was set 

sufficiently far from the cell such that only the zeroth diffracted order was incident upon 

it. The polariser could be rotated to control the polarisation of the light incident upon 

D
ow

nl
oa

de
d 

by
 [

T
om

sk
 S

ta
te

 U
ni

ve
rs

ity
 o

f 
C

on
tr

ol
 S

ys
te

m
s 

an
d 

R
ad

io
] 

at
 1

0:
20

 1
8 

Fe
br

ua
ry

 2
01

3 



LIQUID CRYSTAL DIFFRACTIVE ELEMENTS 335 

the liquid crystal cell. A signal of a set fiequency was then applied across the cell. The 

signal amplitude was varied and the optical throughput monitored. 

stilt- 

An example of the results obtained when the polarisation direction of the light incident 

on the cell was set to be along the cell rubbing direction is shown in the graph below. 

The voltage is the rms value. At zero volts the insertion loss is mainly due to 

reflections. A threshold can be noted at 1.2 volts, after which there was a rapid drop in 

transmission with increasing voltage. After this point the optical throughput rises, it 

may be inferred that after this point the phase delay is greater than is necessary for 

destructive interference. 

FIGURE 3 Static characteristics of a typical 1.5 pm thick phase grating cell. 
(polarisation of the incident light along the cell rubbing diredon) 

When the polarisation direction of the incoming beam was set to be orthogonal 

to the rubbing direction of the cell the change in transmission with voltage was 

insignificant. Thus it is demonstrated in this experiment that diffraction occurs for only 

one polarisation of incoming light. 
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336 I. MASON AND G .  BRYAN-BROWN 

Other d i b c t e d  orders 

The intensity of the light diffacted into the higher orders was also tested as a function of 

voltage. This gave results as shown in figure 4. 

1 -T- f rs torder  
-A- second order 

YT> 1 -0- third order 
T 

T, -m- fourth order 
T 

7 
7 T r  

i 
1 
1 

7 
G I z 5 -  7 

0 
0 1 2 3 4 5 6 7 

Applied voltage rms 

FIGURE 4 Transmission of higher orders as a function of voltage. 

It was noted that the behaviour between the orders was not uniform. That is the 
shape of the response of each of the orders did not follow the same pattern. It was 
especially noted that in many cases as a voltage was applied the odd diffracted orders 
appeared first followed by the even orders. The appearence of only odd orders in the 
diffracted light is consistant with a square phase profile as shown in figure 5. At higher 
voltages, fringing fields occur in the structure and the square phase profile is lost, and 
hence the even orders appear in the pattern. 
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I 

331 

FIGURE 5 Fourier transform of a square profile grating 

W-the cells 

These tests used a Perkin - Elmer Lambda 9 spectrophotometer to scan the wavelength 

of light incident upon the cell. The light was polarised along the cell rubbing direction 

and that none of the difiacted beams could enter the sample chamber beam exit ports. 

Plots were obtained of the wavelength response of the cells with and without voltages 

applied. 

rn- 
Consider the simple system shown below in which we define a transmission function 

T(h). where the light output is defined as6. 

I = T(h)Io 
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338 I. MASON AND G. BRYAN-BROWN 

FIGURE 6 Optical transmissivn function 

If the transmission function is describing a di&-iction grating then the intensity 

transmitted in the zeroth order depends upon the profile of the grating over one period 

which may be represented by a function S(x) over one period of the grating 0 I x c d. 

Using the Kirchhoff approximation the transmission function is given by7. 

Where An is the refractive index difference between the switched and the 

unswitched parts of the cell. As mentioned earlier it has been found that the gratings 

switch through a point where a square grating profile is obtained. The voltage at which 

this occured was noted. This square profile can be modelled in the above equation by 

setting: 

This may be shown to be resolved as: 
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LIQUID CRYSTAL DIFFRACTIVE ELEMENTS 

The following 

c 
is an example 

2 A n x h x n  T(h)=cos  ( ) 
plot fitted to the cos’ function. 

An = 0.039 

339 

( 5 )  

300 400 500 600 700 800 900 1000 
Wavelength in nm 

FIGURE 7 Response of a typical phase grating cell (thickness = 1 Spm) 

It would appear that at the voltage setting required to produce the lowest cell 

throughput we were not accessing the full potential birefringence of the liquid crystal 

used in these devices ( BL036, An = 0.27 @ 550 nm). The effects of higher voltages is 

an area requiring further investigation. 

The fit of the theoretical curve shows that our simple theory has some merit, but 

since the theory presumes very simple behaviour of the liquid crystal in the switched 

cell there remains much to be done in terms of theory. This would especially relate to 

attempting to model the liquid crystal director profile during switching and relating this 

to the refractive index profile in the cell. It is highly unlikely that at higher voltages we 
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340 I. MASON AND G. BRYAN-BROWN 

are maintaining the square profile we have modelled and future work shall consider this 

point. 

Dynamic response was measured at several wavelengths using the apparatus in figure 2. 

The laser throughput with no cell in the system was used as our 100% transmission 

value. The cell was then placed into the beam such that the input polarisation direction 

was along the cell rubbing direction. The signal applied to the cell was set to switch 

between some arbitrary voltage and ground at a set frequency. By this it is meant that 

for example the signal switched between ground and 20v r.m.s. lkHz sine wave at a 

frequency of 1Hz. The optical throughput of the cell was monitored as the signal was 

switched on and off and response times measured at 632.8, 543 and 441 nm by using 

He-Ne and He-Cd lasers. 

1 

Switch on at 0.0582 s 

00 - 

60 - 

40 - 

20 - 

Time in seconds 

FIGURE 8 Response of a 1 . 5 ~  cell at 441 nm to 4 v applied at e0.0582 s 
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LIQUID CRYSTAL DIFFRACTIVE ELEMENTS 34 1 

As can be seen the response is very rapid and gives a maximum optical density 

of 3.15. Due to the mismatch of And with h/2 the transmission rises again after this 

minimum to 5% transmission. 

The dynamic response can be modelled in the following way. It is assumed that 

the effective refractive index changes with time in a similar way to the charge on a 

capacitor during charging with the cell attaining a final refractive index mismatch of 

Anfind and possesing a time constant t. This will be therefore: 

This hrr may be substituted directly into the cos2 equation and typical results 

are :shown: 

Time in seconds 

FIGURE 9 Response of a 2pm thick cell fitted to dynamic model 
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342 I. MASON AND G.  BRYAN-BROWN 

The model fit above gave a Anfind of 0.13 and a time constant of 35 ms. Note 

that in the above graph the drive voltage was applied at t = 0. 

CONCLUSION 

Our work has been successful in modelling cell characteristics based on a simple 

geometrical diffraction theory. The diffraction patterns observed suggest that a simple 

square grating profile only exists at lower voltage levels. Both the static and dynamic 

cell response at a given wavelength suggest that the effective birefringence within our 

cells is 0.13. The liquid crystal used in these studies has a birefringence of 0.27 at 

visible wavelengths. 

These observations suggest that significant switching is occuring in the inter- 

electrode gap. In the present device configuration we would expect to experience 

notable electrode edge effects leading to fringing fields. The presence of fringing fields 

accounts for the observed anomalous birefringence. 
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