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~, We concluded that the lifetime and stability of the tilted perpendicular
alignment cannot be sufficiently improved to produce a practical and use-
ful device for a high—brightness, large screen display system. The
problem is that the molecular pre—tilt angle Is unstable in the presence
of a high—brightness projection light. The tilted perpendicular align-
ment therefore was abandoned in favor of the 45’ twisted nematic alignment
using the hybrid field effect mode (HFE mode), by HRL. With respect to
color symbology and multimode operation ; however, the HFE mode was less
suitable, and considerable experimentation with the goal of optimization
was performed and is reported here.

A phenomenological study was made on liquid—crystal cells operated in the
HFE mode. The objectives were to optimize and to determine the range
and intensity of colors that can be obtained with an liFE light valve and
to acquire a working knowledge of the effect of certain cell parameters
(e.g., twist angle, thickness, and the match or mismatch of the polari-
zation plane with front surface alignment). The test cells and light
valves were both characterized by measurinj~the transmission to the screen
through blue, green, and red interference filters as a function of the
voltage applied to the cell.

The photochemical stability of the liquid crystal (E7 mode by BDH) and
the extent to which it may limit the lifetime of the HFE mode light valve
were also studied. Test cells were exposed to high—intensity light, and
the effect3 were monitored by periodically determining the transmission
versus voltage curves. Cell failure was deteched by means of significant
changes in these curves and was accompanied by a realignment of the liquid
crystal toward a homeotropic orientation. Exposure lifetime increased
when shorter. wavelengths were filtered Out of the inclident light. A
ketone was identified as one of the photochemical degradation products
obviously produced by oxidation of one of the liquid crystal components.
We now believe that cell failure results from a photo—induced auto—
oxidation of the liquid crystal to form surface—active products
that change the alignment of the liquid crystal.

The main goals in the development of the photoconductor technology are
to achieve high sensitivity, switching ratio, and linearity. To achieve
these goals, we evaluated two approaches:

• A three layer composited film

• A thick (50 pm) CdS layer.

Both approaches produced positive results in some parameters and not
in others.

In conclusion , during this phase of the program , stable and long lifetime
light valve operation was achieved , and Improved color symbology was
demonstrated . A promising multimode liquid—c rystal effect was invented.

H and improved photoconductor performance was achieved .
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SECTION 1

INTRODUCTION AND SUNMARY

The Hughes Research Laboratories (HRL) is pleased to submit to the

Navy this report describing the work done on the follow—on contract

N00024—76—C—5366 during the period 1 June 1976 through 31 December

1977. The objective of this technology program is to develop a liquid—

crystal light valve (LCLV) for real—time gray scale and color symbology

display applications.

In this phase of the continuing research program to develop multi—

mode LCLVs, we attacked three major issues: liquid crystal electro—

optical effects , light valve stability and lifetime , and photoconductor

performance . We concluded that the lifetime and stability of the tilted

perpendicular alignment cannot be sufficiently improved to produce a

• practical and useful device for a high—brightness,- large—screen display

system. The problem is that the molecular pretilt angle is unstable

• in the presence of a high—brightness projection light. We consider

lifetime to be the most important parameter of the device. Therefore,

even though the tilted perpendicular alignment is very desirable for

multimode operation , we had to replace it by 45° twisted nematic alignment
and to use the hybrid field—effect mode (HFE mode), invented by HRL.

This change produced the required stability (see Section 4) as a result

of two factors. First , the positive dielectric anisotropy liquid

crystals used in the alignment are basically much more stable than the

negative dielectric anisotropy materials used in the perpendicular

alignment. Second, the twisted nematie alignment is much less

sensitive to the pretilt angle. With respect to color symbology

and niultimode operation , the HFE mode is less suitable. Therefore, we

went back and optimized this effect first for the color symbology

display device (see Section 2). A phenomenolog ical study was made on

liquid—crystal cells operated in the liFE mode . Our objectives were to

optimize and to determine the range and intensity of colors that car,

1
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be obtained with an liFE light valve and to acquire a working knowledge

of the effect of certain cell parameters (e.g., twist angle, thickness ,

and the match or mismatch of the polarization plane with front surface

alignment). The test cells and light valves were both characterized

by measuring the transmission to the screen through blue , green , and

red interference filters as a function of the voltage applied to the

cell.

The transmitted light is considered to consist of a series of

orders, with blue , green, and red bands in each order , and with the

first—order bands found at the highest voltages. As the twist angle

is increased , the transmission bands increase and then decrease in

intensity. The twist angle at which the maximum intensity occurs

increases on passing from the lower to the higher orders. Studies

indicate that thickness has a similar effect as it is increased from 6

to 16 ~.im. Mismatching the plane of polarization with the nematic

director at the front surface also significantly affects the intensities

and the positions of the transmission peaks as a function of voltage.

A certain amount of mismatch in portions of the light valve is

unavoidable because of the splay in alignment that results from ion—

beam etching . The mismatch is sufficient to explain the color gradients

that are seen on the screen .

A null point , where the transmission is low and the color is

fairly neutral , generally exists at some voltage above the threshold

and below the strong transmission bands. Above the null point voltage

there is a range where the transmitted light intensity is too low to

be useful. Following this is the useful region , the end of which is

determined by the maximum switching ra t io  of the l igh t  valve s u b s t r a t e .

The colors covered by this useful, accessible region vary systemati-

cally with changes in thickness and twist.

Three parameters of a twisted nematic aligned cell , worl<ing in a

reflection mode , have important influence on its color transmission:

• Cell twist angles

• Cell thickness

2
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• Angle between the polarization of the read—out light and
the liquid crystal optical access on the front electrode .

These parameters can be manipulated to obtain good color separation ,

high transmission , nice looking colo~ ~~, and maximum dist inguishable

colors and to make trade—off s between the different requirements.

We achieved several goals during the present study. We identified

some general trends in performance as a function of the parameters ,

found a twist—angle/thickness combination that greatly improves the

performance of the device , and generated a data base that will be used

to achieve further improvements. This optimization resulted in the

demonstration of three to four distinguishable colors and high—

brightness display (as observed on the delivered devices).

We also worked towards multimode operation . This effort led to

the invention of back slope multimode operation (described in Sec—

tion 3). One difficulty in liFE mode operation is the lack of broad--

hand (white) gray—scale transmission in the low—voltage region. Back

slope mul t imode opera tion , since it prov ides this impor tant fea ture ,

appears promising for  use in the multimode ligh t valve , but further

optimization and evaluation ar~ required .

We also studied the photochemical stability of the liquid crystal

(E7 from BDH) and the extent to which it may limit the lifetime of the

liFE light valve (see Section 4). Test cells were exposed to high—

intenisty light , and the e f fec ts were mon tiored by per iod ically deter-

mining the transmission versus voltage curves. Cell failure was

de tected by means of signif ican t changes in these curves and was

accompanied by a realignment of the liquid crys tal toward a home otropic

orientation . None of the cells were sealed , and oxygen could diffuse

into the liquid crystal from the edges. The test cells were compared

in terms of the ir exposure lives , given in W—hr/cm 2.
Exposure life increased when the shorter wavelengths were filtered

out of the incident light. Increasing the light intensity decreased

3
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the exposure life. A ketone was identifIed as one of the photochemical

degradation products; it obviously was produced by oxidat ion of one of

the liquid crystal components. Adding this ketone to the linuid

crystal also reduced exposure life. We believe that cell failure

results from a photoinduced auto—oxidation of the liquid crystal to form

surface—active products that change the alignment of the liquid crystal.

The ketone, which was present as a contaminant in E7 as it was

obtained , probably acts as a sensitizer for the photochemnical reactions.

The l i fet ime of the ligh t valve should be prol onged by car ef ully
pur if ying the liquid crystal to remove oxidation products such as the

ketones, by preventing contact between the liquid crystal and oxygen ,

and by filtering out the shorter wavelengths of the projection light.

The longest exposure life measured corresponded to a lifetime of more

than 3000 hr in an opera ting system wi th a lamp intensit y of 250 mW/ cm 2

(GSG system).

The main goals in the development of the photoconductor technology

are to achieve improved sensitivity, switching ratio, and linearity.

Improved sensitivity simplifies the primary display system and improves

cathode ray tube (CRT) resolution, which is presently the limiting factor

in system resolution. A higher switching ratio increases the range of

colors that can be reached . Better linearity minimizes the outline

effect , which is of pr imary importance for the color symbology system .

To achieve these goals , we evaluated two approaches (see Section 5): a

three—layer composited film and a thick (50 pm) CdS layer. The corn—

pos ited f i lm exh ib ited good performance before  poli sh ing,  but the film

degraded significantly after the polish. We were able to overcome most

of the problems associated with the thick CdS. The films provide

higher switching ra tio and good senstivity, but the response time was

somewhat of a compromise. For multimode operations , where bo th symbols

and TV must be displayed simultaneously, a high switching ratio and

fast response are required . Also , thick CdS layers have a greater

tendency to exhibi t  the undesired e f fe c t  of negat ive  memory.  T l i er e f o r v ,

4
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• additional improvements in the photoconductor area have to be achieved

to meet the multimode mode requirements.

In conclusion , during this phase of the program , we achieved stable

and long l ifet ime l ight valve operation , demonstrated improved color

symnbology , invented promising multimode liquid crystal mode, and

improved CdS photoconductor performance.

5
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SECTION 2

LIQUID—CRYSTAL ELECTRO—OPTICAL STUDIES

The basic concepts of the HFE light valve were described in Ref. 1.

One objective of this program was to obtain a phenomenological under-

standing of the factors controlling the range of colors and light inten-

sities available from this type of display . Factors determining output

undoubtedly include the liquid—crystal birefringence , thickness of the
li quid—c rystal layer , twist in the alignment , tilt in the alignment In

the off—state , and ang le be tween the polariza tion p lane of the inciden t

projection light and the liquid crystal director at the front surface

of the light valve. Two of these factors were held constant in our

studies. We used only the commercial liquid crystal E7, which is a
mixture of cyanobiphenyl compounds available from BDH Chemicals , Ltd.

• Although there may be minor differences in composition from batch to

batch, these differences are believed to be too small to have a signifi—

• cant effect on the birefringence. We also used electrodes that were

overcoated with Si02 and shallow—angle ion—beam etched to control the

l iquid—crystal alignment.2 Consequently, the tilt angle was always

about 3°, the angle that is induced by this alignment technique. Our

studies were therefore limited to the effects of thickness , twist, and

the match or mismatch of polarization with front surface alignment.

A. CHARACTERIZATION OF THE liFE MODE

The apparatus used in evaluating the influence of these parameters

is shown in Figure 1. Vertically polarized, collimated ligh t was passed

through transparent test cells with the etch direction of the front

electrode also oriented vertically. The light was reflected from an

aluminum mirror fastened externally to the back of the cell. The

ref lected light was then passed through an analyzer and an interference

filter, where it was detected with a photodiode. The cei.l was position—

ed prope rly by rotat ing it in the two planes perpendicular to the face

of the cell until the light reaching the detector was maximum , with the

polarizer and analyzer parallel. Then, with the analyzer crossed and a

• 7 

•
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ *_~~~~~~_~~~~~~~~~~~ 5-~~~~~~



-— 
-~~~~~~~~~~~~~ — —5— -—- —5- -~~~~~~

— -

6363—I

111111 
1—57 :TE I(c0RNING) 

~~~~~~~~~~~~
DETECTOR ANALYZER LENS CELL

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

LENS

FILTER

HOUSTON 2000
X-YRECORDER

~~~~
L iF 1

~~~~~~~JOUOO~~~~

- 

- 
(ANALOG OUTPUT
PROPORTIONAL SWITCH
TO INPUT) —

~+T ON/OFF ]
KEITHLEY 171 - I

DIGITAL MULTIMETER
~~~~~ 

.,~~ IN S
KROHN-HITE

MODEL DCA-10
10-WATT AMPLIFIER

OUT INJ

IN-HOUSE BUILT
U TIPLIE R ‘ KROHN-HITE

IN-HOUSE BUILT / MODEL 5000
DC RAMP GENERATOR F • -j~~’ FUNCTION GENERATOR

OUT S PFI~ 
Z S OUT 10 kHz

AUGUST 1977

Figure 1. Experimental apparatus for characterizing test cells
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green interference filter in position, the cell was rotated in the plane

parallel to the face until the detector signal was at a minimum. The

light transmitted through the green filter and para llel polarizer s was

taken as the 100% transmission setting . Light intensity was recorded as

a function of the voltage applied to the cell for  each of three inter-
ference f i l ters , wi th peak wavelengths of 466, 545, and 623 nm. In this

way, we obtained curves such as those shown in Figures 2 through 8.

The data in these figures were derived for 0.5—mil cells with twist

angles ranging from 110 to 79 0~ Since minimum retardation ~And) of the

polarized light occurs at high voltages , the curves are most easily
understood by considering them in terms of a series of orders with a

blue , a gr een , and a red peak in each order , beginning f rom the high
voltage side. In the first order , the peaks are broad and only sligh tly
separa ted , al though well separated from the peaks of other orders . The

second order (at somewhat lower voltages) has sharper and better sepa—

ra ted peaks, still distinct from other orders. In the third and higher

orders, however , the orders overlap ; thus, the blue peak of the fourth

order precedes the red peak of the third (starting from the high—voltage

side).

At low twist angles , the intensity of transmitted light is low at

all transmission peaks. As the twist angle is increased , the in tensi ties

inc r ease and then dec r ease , with the lower orders passing through the

maximum at lower twist angles . This is demonst rated by the cu rves shown

in Figure 9.

The effect of the twist angle on the vol tage at which each trans-

mission peak is obtained is not clear from the data. For the series of

cells used to obtain the curves in Figures 2 through 8, there was a

smooth increase in the voltages as the twist increased above 450 as

shown in Figure 10. However, this trend did not hold for the lower

twist angles. Since the measured voltage included the drop in potentia l

across the silica layer used to align the liquid crystal , the variations

are probably due largely to impedance differences among the sil ica

layers. This view is supported by the fact that the cells with the three

lowest twist angles were assembled with an earlier batch of electrodes.9



-~~~ ——--~~~~~~~~~~~~~~~~~ -

63S3-2
-100 I I I 1 I I I I I I I I I

8 0 -  -

zQ
~~~~6 0 -  -

~~~~~4 0 -  -

~ .
623

ç

~~~/
/
/ 

_ _ _ _  

-

T - 

- 

-

0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30

V~~~AT 10 kHz

Figure 2. Voltage—transmission curves for a 0.5—mil liFE cell with 11.5°
twist.

-r

10



F-

6363—3

100 I I I I I I I I I I I I

8 0-

z

~~~~~8 0 -  -

-

:i!\ ~~~;t.IU ,‘ / % %
20 — 

~~ ~~/ /  I ~~ ~~~ - — IIE~~nm 
—

.ik~(i~’ 
- 

~ 

- 623 nm MSnm

0
0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30

V rms AT 10 kHz

Figure 3. Voltage-transmIssion cur ‘es for a 0 .5— mi l liFE cel l wi t h  20 .1 0
twist.

11

-_ —  -- —— - .~~~~ —-— •- — -- , -5 --—5-



V -

6363-4
100 I I I I I I I I I I I I I I

8 0 -  -

zo 1%-
, ‘4U, 

—

~ 
6 0 -  •

40 - I’! \ \  -

: I
\ 

\~I~i ~~~~~~~ 466nm
2 0 —  .5....— 

—

545 nm

I I I I I ( i ~~~~~~~~ i~~
’ I I I

0 
2 4 6 8 10 12 14 16 18 20 22 24 26 28 30

V rms AT 10kHz

Figure 4. Voltage—transmission curves for a 0.5—mil HFE cell with 27.0°
twist.

3.2

—--5 - - — —— —--— .5- -—-,- - —_— --—~~~~~~~~~~~— - .— -  —.--~~~~~~—~~~~~ — —-- —~~~~~ - — —



—55 —~_- -—-—- -.’5-----—-.—.-- — — --5.—- - --- -5- • .5 5 ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

I

100 I I I I I I I

623 nm
..— — — ... 545 nm

80 - ).)~c~~—~._ 
_ _ _ _ _ _ _4

~~ 

—

/
, 
/i’i~~~ ,‘ / /

_ %
5_

%.._... ..

12 i ~~~ 
_5~~
..

~ 60 - I /
— 

I / 
—40 I

, /iI  I

I II
’ ,2 0 -

0 
0~ 1 

/ ~~

Vr~~ 
AT 10kHz

Figure 5. Voltage—transmission curvos for a 0.5—mu liFE cell with 45°
twist.

13



6363—6

100 1I 1 MAGENTA MAGENTA I I
GREEN YE LLOW BL UE f ORANGE WHITE
RED I I I BLUE—

I I I I GREEN80 — ++ ++  +
:~z

0 11

~ 60 — fl 111 I 623 nm 545 nm

J I 1:1 / ~ 
- —

~~~~~ ‘~-~~ 
—

i~I:~1~ A \ ,“ 7

~ 
, 

/ 
466 nm

4 0 -  V b  ~~ I
, —

“ /
I It /

: ~~~~~ 
~ \ \ i

’ /
V rms (AT 10 kHz). V

Figure 6. Voltage—transmissIon curves for a 0.5—mu liFE cell with 60°
twist.

14

—— -— - -“—--- ,-5-—- -



r r

6363—7

100 I I I

8 0 -

z I’0— A12j  6 0 -

:t I

V rms AT 1OkHZ

Figure 7. Voltage—trannmission curves for a 0.5—mil HFE cell with 73.1°
twist.

15

- -~--.— - - -5—.- -—— - - —  ——~~~~~~~~ - —-- - --5— - ~~~~~~~~~~
-5 ..~~~~~~ - -- -- — 5-- -



- 
-—.5~~--- - - -—-- - - 5 -  - 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ _ _ _ _ _ _ _ _ _

6353—8
100 I I I I I

8 0 -

623nm

/
60 

~~~~,466nm

1/ 545nm
~~~~4 O -

LV
20 - F ‘j

- 
— — 

.—.
~~I I ~~4.....—’<..._ 1—

0 1 2 3 4 5 6 7

V rms AT 1OkHZ

Figure 8. Voltage—transmission curves for a 0.5—mil liFE cell with 79.2°
twist.

16

- 5 -  —~~~~~ -~~~~~~~~ --~~~~~~~~~~~~~ - - - ----- — -~~~~~- 5 - --— — - -~~—-



—5.5

6363-9
80 I I I I ~~~~~~~~~~~~~~

0

70 — • —
0

S

6 0 -

B2
5.
I- 0
< 5 0 - G2
z
2 R2
12

40 —

z
I-
I-~ -z

• B

G3

2 0 -  R3

• 0 B4

G4

1 0 -  .

0 I ~~I • I  I I
0 10 20 30 40 50 60 70 80 90

TWIST ANGLE , deg

Figure 9. Peak intensity as a function of the twist angle for
blue , green , and red transmission peaks of the
second , third , and fou rth orders  in 0. 5-mu HFE
cells.

17

— - -------- ----5- - —.5- ——5---- . . .



- - - -  - - ----.--.------,--- 
~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~ l’~~~~~

6363—10
10 I I I I I I I I

9 —  —

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ R1

5 -  -

TWIST ANGLE , deg

Figure 10. Voltage as a function of the twist angle for  the occurrence
of blue , green , and red t ransmission peaks of the f i r s t ,
second , and third orders  in 0. 5-mu HFE cells.

18



-~

As noted in Ref. 1, there is generally a “null” poin t at which the
t ransmission is low and almost equal for  all wavelenghts. This null lies

above the threshold and below the main transmission peaks. In operation , a

bias voltage is app lied to the cells to drive the liquid crystal  to the
null in the absence of act iva ting light. Therefore , the performance of

the cell is important only at voltages above the null. Furthermore , the

product of the null voltage and the maximum switching ratio of a light—

valve substrate determines the maximum voltage that can be applied across

the liquid—crystal layer. In evaluating the performance of test cells,

we assume a switching ratio of two as a practical limit , al though there
has been considerable variation in this property for  experimen tal light
valves.

The ac tual colors attainable from various cell conf igura tions can
be evaluated subjectively by projection onto a screen or by analysis of

the voltage transmission curves (such as those in Figures 2 through 8).

An alternative method of presen ting the da ta is shown in Figur es 11

through 15. These polar coordinate graphs are a type of chro matici ty

plot (not the standard chromaticity diagram) in which the percentage of

transmission through the red , green , and blue interference f ilters is

trea ted as three vectors separa ted by 1200. The magnitude of the vector

sum is divided by the numerical sum of the light intensities to give an

indication of color purity. This is plotted (in percent) as the radius

vec tor and is given as a funct ion of the vector ang le in the polar

coordinate graph. Key points on the original voltage—transmission curves —

such as maxima, minima , and intersection points — are used to make the

chromatici ty plots.  Each point is ma rked with the voltage and the average

percent transmission for the three color—bands at that point. Al thoug h

these p lo ts appear complex , they offer another way of analyzing the

usefu lness of the cell in presenting color symbology. To aid in this

analysis, the curves are dotted between the null and a point at which the

average transmission is approximately 15%; this portion of the curve

represen ts a reg ion where the light intensity is general]y not high

enough for optimal symbology projection. Beyond the point at which the

voltage is approximately two times that of the null , the curve is g iven
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in dashes; as mentioned above, this portion of the curve probably is not
accessible in the ordinary light valve biased to the null point voltage.

Examination of the graphs reveals that although the t ransmission
bands follow a rather predictable pattern , the systematic variation in

the relative intensity of these bands causes the colors available for

projection display to be substantially different at different twist angles.

S 
As a rule of thuTn b , we suggest that  color pu ri t ies of about 40% are desira-
ble for the primary wavelenghts; intermediate wavelenghts may be acceptable

at slightly lower values. Using this as a guide , we conclude that the
cells with a 27 ° twist (Figure 11) and 45° twist (Figure 12) can provide
magenta, some red, yellow, and blue—green to blue, but lack a good green.

4 
The 60° twist cell (Figure 13) supplies a fairly low intensity red , excel—

lent green , magenta , yellow, and a bluish blue—green and has an excellent

blue just slightly beyond the normally accessible range. The 73° twist

cell (Figure 14) has a narr ow r ed , good green , magen ta , and yellow ; a

poor blue—green and an excellent blue are well out of range of a two—fold

switching ratio. The 79° cell has poor color purity or low intensity at

almost all accessible wavelenghts. On balance, it appea rs that optimum

symbology should be obtained with a twist of about 600 for the 0.5—mu

cells.

Voltage transmission curves of the type given in Figures 2 through

8 were also obtained for sixteen 0. 25—mil HFE cells with twists ranging

from 10.3 0 to 82.50 . Again , the perc ent transmission at each transmission

peak was plotted as a function of the twist in alignmei’t, Highly regular

plots were obtained for the blue, green, and red peaks of the first order ,
but there was considerable scatter in the data for the peaks of the second

order, and tremendous scatter for the peaks of the third order. rhis is

illustrated in Figures 16 through 18 for the blue peaks of each order.

The peaks of the fourth order are all very small, almost imperceptible

in some cases. This was dis t inct ly d i f f e ren t  from the curves for the

O.5—mil cells, in which the fourth—order peaks were quite large at the

higher twist angles, and in which even the fifth—order peaks were

significant. As noted for the 0.5—mu cells, the Intensity at a given

t ransmission peak increased as the twist  ang le increased , then passed
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through a maximum and decreased at higher twist angles. The approximate

positions of these maxima are given in Table 1. The maxima arc all at
- about 45° for the peaks of the first order and the blue peaks of the

second order, for both 0.5— and O.25—mil cells. However , the maxima of
subsequent peaks are shifted farther toward higher twist angles for

0.25—mu cells than for O.~ —mil cells.

Table 1. PosItions of the Maxima in the Plots ut Peak
Transmission as a Function of the AlignmenL

Twist Angle

Twist Angle at Maximum
Co tor ofOrder -interference Circic

0.5 m u  0.25 nil

First. Blue (466 nm) — — 45

Green (545 nm) 44 46

Red (623 urn) 45 47

Second Blue 44 48

Green 50 65

Red 60 74

Third Blue 62 (>82.5 )

Green 72 ( > 82 .5)

Red 78 (> 82.5)

1’ 6101
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Chromaticity plots of five of the 0.25 mu HFE cells are presented

in Figures 19 through 23. The plots in Figures 19 through 22 are con-

sidered typical for the 0.25—mil cells; that in Figure 23 is considered

atypical but is included to illustrate the scatter In the data. The

dotted portions of the curve describe the behavior between the null and

the point where the transmitted intensity exceeds 15%; the dashed

portions define the behavior at voltages more than twice the null voltage.

A consideration of the chromaticity plots of both 0.25-mu and

O.5—mil cells shows some general trends. As one traces the plots back-

wards from the high voltage end where the transmitted ligh t is almost
white, the purest colors that are obtained are, in order , orange, magenta ,

blue, blue—green, yellow, magenta , green , and red. This series omits

intermediate colors, which usually are not obtained in good quality. If

one considers only the accessible, high—intensity portion of the spectrum

(shown by the solid line in the chromaticity plots), this portion proceeds

backwards from the white, high—voltage end as the twist increases. It

also proceeds backwards f rom t he hi gh—voltage end as the thickness in—

H creases for a given twist angle. The position at which the purest colors

appear Is indicated by arrows above the voltage—transmission curves given

in Figure 6.

Unavoidable differences in thickness were probably the major  cause

for scatter in the data. When Mylar spacers are used to control the

thickness, there is a thin film of liquid crystal on both sides of the

spacer, and the thickness of the liquid crystal layer depends on how

much pressure is appl ied in tightening the screws on the cell holder.

The 0.125—in, glass electrodes can also be bowed by applying pressure .

These thickness differences were considered to be negligible when the

data were collected , since we expected them to he small relative to the

d i f f e rence between 0.5—mi l and 0 .25— mil cells. However , the ch romat ic i ty

plot shown in Fi gure 23 for  the atyp ical 0.25—mu cell looks more nearly

like that of a 0. 5-mil cell.

The voltage at which a given transmission peak wns found varied

widely and unsystematicall y for the 0.25—mu cells. Any systematic

influence of the twist  ang le  was t o t a l ly  obscu red b y var ia t ions in  the

resistivity of the coated electrodes.
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The third variable investigated was the match or degree of mismatch

in the plane of polarization and the alignment direction at the front

electrode, which was of particular interest because of the inevitable

splay in alignment. This splay in alignment varies with the etching

conditions, but it is generally about 5° per inch. It is caused by
divergence of the ion beam , and it always follows a pattern consistent

with a picture in which the beam originates from a virtual point source,

as illustrated in Figure 24. If the p lane of polariza tion is ma tched
with the alignment direction at the center of the cell, there will be a

mismatch with a positive angle on one side and a nega tive ang le on the
other side. If this mismatch modifies the voltage—transmission curves,

there will be nonuniformities; these have indeed been observed in light valve

displays and are a matter of continuing concern. They are particularly

evident when the voltage is set to transmit a “narrow” color band to the

screen. For example, in the curves given for the 0.4—mil , 60°—twist cell

in Figures 6 and 13, at 2.42 V there is a peak in the second—order red

band and red should predominate. However, the red is not very pure , and

there is a rapid transition from magenta to yellow. The intermediate red

is therefore very narrow, and , if red is transmitted to the two edges, the

narrowness of the band and nonuniformity of the light valve will make this

S color—band almost useless. The magenta and yellow on either side extend

over broader ranges, and the nonuniformity is much less noticeable when

these bands are being used. Of course, nonuniformities in thickness and

imperfect collimation of the projection beam may also be fac tors  in 1 .e

nonuniformi ty of the display, but we believe that the primary cause is

the sp lay in alignment.

The effect of splay was first examined with a 0.25-mu , 68°-twist

cell by dete rmining the voltage—transmission curves for  a smal l  samp l ing

S beam reflected , in turn, from the center and from the two sides of the

cell. Signiffican t differences were observed , When the ct-li was charac—

terized at one side , the peaks were shifted to higher voltages and the

cell appeared to have a larger twist angle than at the center of the cell.

At the opposite side , the peaks appeared at lower voltages and the behavior
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was characteristic of a smaller twist angle. When a large spot at the
center was compared with a small spot , the main e f f ec t  was that  the peaks
of the curves for the larger spot were lower and the minima were higher.

This was as expected since the large spot sampled a wider range of align-

ment angles.

A similar experiment was carried out with a 0.5—mil , 45°—twist cell
using nine spots to characterize the various areas of the cell. Signifi-

can t differences were again observed , bu t they could no t be a ttribu ted
to any single factor. Splay in alignment at the front electrode caused

mismatch with the polarizationpiane; but this same sp lay , coupled wi th
splay in alignment at the back of the electrode , also caused d i f fe rences
in the twist angle. In addition, 0.125—in, glass electrodes were used ,

and there was no assurance that the thickness was exactly the same through—

out the cell. The alignment directions and the twist angle were measured

fo r each spot in the cell , but this approach was dropped because neither

of these could be correlated with the variations in the voltage—transmission
cu rves.

The ef fect of mismatch in polarization p lane and alignmen t direc tion
was isolated from other fac tors by keep ing the beam of light in the same

place in the cen ter of the cell and determining the voltage—transmission

curves for different degrees of mismatch. The thickness did not vary in

this series of measuremen ts, since the same cell was used throughout

Moreover , the cell was made with O.5-’in.— thick glass electrodes and

incompressible SiO spacer pads; therefore, it was quite uniform in

thickness and not subject to inadvertent changes. Since the same cell

was used , the voltage drop across the liquid crys tal was always the same

fraction of the applied voltage. The alignmen t twis t ang le also remain ed

constant because all of the data came from the same spot in the cell .

The cell was merel y ro tated in a plane parallel to the face of the cell.

The voltage and percent transmission at the transmission peaks a re

given in Table 2 for misma tch ang les ranging from +2° to —2°. This is

actually a very narrow range of mismatch angles; mismatches of +50 
to _ 50

would be anticipated for a 2-in.-diameter light valve. However, even

within this narrow range, significant differences were found . The null
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point , the third—order blue peak, and all three first—order peaks were

systematically shifted to lower voltages on passing from a mismatch of

+20 to _20. In contrast , the second—order red peak remained essentially

at a constant voltage and the second—order green and blue peaks increased

substantially on passing fro i positive to negative mismatches; any syste-

matic effect on the intensities of the second-order blue and first—order

red , green , and blue peaks appears to have been obscured by sca tter in

the data. For a 6— u rn cell , the eff ects on the peaks of the second order

j and the red peak of the first order are most important , since these

peaks define the behavior of the cell in the region of accessible voltages

and useful light intensities.

The effec t of mismatch is unsymmetrical about the perfectly matched

position. Imperfect matching may have been a factor in causing scatter

in the data describing behavior as a function of twist. In fact , opti—

mum perfo rmance may be achieved with the cell placed deliberately in

mismatched position. In a practical light valve display system , the

user can easily determine by trial and error the cell position that

de livers the optimum combination of colors. -

When we attempted to apply the information derived from test cells

to the construction of light valves, the major problem involved the

uncertainty in the thickness of the liquid crystal layer. The voltage—

transmission characteristics of light valves were determined in a manner

similar to that used for test cells , except that the photoconduct ive j .
substrate was illuminated with light of saturation intensity, and the

external aluminum mirror was replaced by the interna l dielectric mirror.

S i The light valves were evaluated for twist angles of 50
0 

to 85° and for four

different thicknesses ranging from 6 to 15 _ i m. The 6—u rn cells in this

expe riment were made with two d i f f e r e n t  CdS substrates , opposing e lec—

H trodes , and spacers. Therefore, their comparative li quid crystal thick— —

nesses may vary slightly from those specified . The 9-tim , 12_ rn, and

15—pm data were -taken from the same subs tra te and opposing e lec t rodes .

The various twist angles in these cells were produced by rotating the
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opposing electrode with respect to the CdS substrate without disassembling

the cell. The comparative results of cells of the same thickness can

therefore be viewed as quite reliable. However , absolute thickness values

may vary somewhat from those specified . Liquid crystal th 1r~ nt’ss was

assumed to be the thickness of the spacer or the sum 01 the th icknesses
of several spacers . The original light valves had 6-pm-thick SiO spacer

pads (measured with a Dektak) separated by spa ces th rough  w h i c h  the
excess liquid crystal could freely escape. To this was added one or two

Mylar spacers with nominal thicknesses of 3.6 pm and 6.35 jim.

Results of the entire experiment are illustrated in the curves shown

in Figures 25 through 37.

The e f f e c t  of varying the twist angle at a given thickness was

similar to that already described for the test cells. However , when the

voltage—transmission curves were compared with those of the test cells ,

the nominal thickness of the light valves was relatively less than would

be expected on the basis of the test cells. This conclusion was based -

on curves such as those shown in Figure 38 for cells with a 60
0 

twist

angle. In this figure, the percent transmission at the peaks of the

second and third order were plotted against the nominal thickness of the

liquid crystal layer . Although the data are too sparse to clearly define

the relationship, there appears to be a tenden cy for  the transm ission of

a given color peak to pass through a maximum as cell thickness is

increased. Moreover , the thickness at which this maximum occurs seems

to be less for the peaks of the lower orders and for the shorter wave-

lengths within each order. When the data for the 0.25-mU and 0.5-mu

tes t cells are compared with these plo ts , they seem to correspond to

rnlatively thicker cells than would be expec ted on the basis of the

spacer thicknesses. Unfortunately, we have no reliable method for

accurately measuring the cell thickness directly in this thickness range.

In the 6 — j m  light valves , the peak heights for the transmission

peaks of the thi rd  order increased in going f rom blue t o  green to red .

This was the opposite of what was expected for c~ l1s of this lhicknt’ss .

41



V ~~~~~~~~~~~~~~~~~ “5 
~~~~~~~~~~~~~~~~~ 

- “ ‘ “ “ 5~“‘ •‘_ ______ —_ .-, - -,
---—-.-.—..—-—-

,- ~~~ 5-” ~“~~-“'~~—‘5- ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ .— —----------.—-—-‘ ‘- .—_- —-- 5—— -, -—— -

7374— 1

100

CELL H1765-20-M
8 0 -  -

466 NM

2 - A 545NM
60 

j \  
623NM 1 .—”--..~ 

-

I ~ / / ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

4 0-  
-

-

i I~~1 / /
2 0 —  N I —

:1 II ~— ——s II \i ~~J
0~~~~~ 

I I I

-1 
0 2 4 6 8 10 12 14

V RMS AT 10kHz (LIQUID CRYSTAL ONLY)

Figure 25. Voltage-transmission curves for a 6pm LCLV with a 60° twist.

42

- -



r - ---

~~~~~~~~ 

‘, _. ‘-~~~~~~~~~~~~~~~~ -~~~~~~ - - --- ~~~~~~~~~~ 

7374—2
100 I I I I I I I I I I I I I T ” ”

80 — 466 NM CELL H 1765-20-I —

~~~~6 0 -  -

545 NM 623 NM

I _ _ _

~~~~~~~~~~ 4 0 -  1/ ~~~~~~~~~~~~~~~~~~ 
-

Il I ,

‘I I
20 - 

- 

A 
! 

~ 
i

_ _ _ _  
i k ’~

i1 \ ‘)‘
I~~~

1I” I I I I I 1 I I l ’ _

0 2 4 6 8 10 12 14

V RMS AT 10 kHz (LIQUID CRYSTAL ONLY)

Figure 26. Voltage—transmission curves for a 6 j im LCLV with  a
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Figure 27. Voltage—transmission curves for a 9 jim LCLV with a
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Figure 28.’ Voltage—transmission curves for a 9 pm LCLV with a
600 twist.
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Figure 31. Voltage—transmission curves for a 12 pm LCLV with a
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Figure 32. Voltage—transmission curves for a 12 pm LCLV wi th a
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In thin cells (about 6 ~im or less), the angle of rotation of polarized

light by a twisted nematic is dependent on the wavelength of the light .3

Since the plane of polarization was matched with front surface alignment

using 545 nm light, there is the equivalent of a mismatch for other wave-

lengths. This mismatch may be the cause of the unanticipated order in

peak heights. However , these peaks have almost no influence on the colors

that can be projected with the light valve, since the null po int is

located between the blue and green peaks of the third order .

This study of the properties of HFE cells has provided only the

bare minimum of informat ion required for  an intelligent appr oach in the

construction of light valves with suitable characteristics. Clearly, a

detailed theoretical study would be desirable.
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SECTION 3

LCLV MULTIMODE OPERATION

A. REVIEW OF THE MULTIMODE CONCEPT

The original multimode (simultaneous b/w television and color

synibology) operation of the light valve was based on the tilted per-

pendicular liquid crystal alignment. With this configura tion , the
multimode capability was a logical extension of the earlier mono-

chromatic and color symbology light valves. (See the Final Technical

Repor t , Contract  Number N 000 24 — 75—C—7 187. )  Along with the dark o f f —
state, which is below the negative anisotropy liquid crystal threshold ,

a low dispersion black/white gray—scale region was ob tained at low

voltage and then , with progressively higher voltages , the distinc t bi re—

fringent color peaks were selected (see Figure 39). S

The program to achieve complete multimode operation centered on

two major developmental efforts:

• The development of a high—switc h ing—ratio , fas t— response
photosensor film to allow image light switching from the
dark off—state through the range of birefringent color peaks

• The formulation of a new high—birefringent , low—viscosity,
negative—anisotropy liquid crystal material so that a thin
liquid crystal layer, capable of television rates , would have
enough birefringence to exhibit the color peaks.

In addition , the continuing problem of alignment tilt angle drift

required solution.

During the program , it became clear that a solution to the tilt

angle instability condition would require a major long—term research

program . Thus , the main thr ust of the program was directed toward

adapting the HFE mode (originally developed for optical data processing

applications) for use in graphics/symbology projection disp Lays. An

extension to color symbology operation was developed using a dark off—

state null found in the l iquid  crystal characteristic above the threshold

(see Figure 40).  From this point , the liquid crys tal rould be swi tched

to the hirefringent color peaks found in the 6 to 15 pm hi pheny l materials . 
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Further investigation indicated that there was no direct extension

to multimode operation . To achieve a black/white gray—scale region with
a twisted (or parallel) nematic liquid crystal alignment, it is necessary

to switch to the region of low birefringence that occurs at the high
voltage end of the transmission versus voltage characteristic. However,

as is indicated in Figure 41, the slope of the curve to zero transmission
is very low and the low transmission state required for high contrast—
ratio imagery lies at high voltages. Thus, to switch through the color

peaks and the gray—scale region to the off—state requires a switching

*
ratio of � 15.

A switching ratio of 15 is significantly beyond the capabilit ies
of the cadmium sulfide photosensor presently used in the light valve.

The highest value achieved in thick films (see Section 5) is approxi-

mately 5. This is approaching the practical limit of this type of

photosensor. Thus, the thin—film CdS LCLV , used with the HFE mode,

did not appear to be directly applicable to the multimode requirement.

However, the second generation silicon photosensor has the capability - -

of very high switching ratios with the fas t response times necessary

to demonstrate multimode light valve configurations.

S 
The only true multimode operations possible bo th required the fas t

response and hi gh switching ratio of the silicon photosensor . The CdS

light valve would be possible to use in dual mode , where either tele-

vision or color symbology could be selected , or in color symbology /

color monochrome television mode, where shades of red television could

be superimposed with multi—color symbology.

*The switching ratio is defined as the ratio of light valve cu rrent with
uniform input illumination to the current at dark. This ratio depends2on the light intensity, and , if not specified , it relates to 100 pW/cm
The current ratio approximately equals the voltage ratio across the
liquid crystal, and it determines the dynamic range , or the part of
liquid crystal characteristic that  actually is used in a l igh t valve .
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Figure 41. Transmission characteristic of a 45° HFE—mode
liquid—crystal cell at high voltages.

A comparison of possible HFE multimode ligh t valve configura tions

is given in Table 3. Although the silicon photosensor is clearly the

choice for true mul timode opera tion , the liquid crys tal mode had no t

been defined precisely . In fac t , the results with the HFE mode reported

in Section 2 indicate that thick liquid crystal layers (6 to 15 pm)

with concomitantly long response times may be necessary to achieve good

birefringent color peaks.
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B. MULTIMODE FIELD EFFECT

To achieve true television rates and reduce the requirement of very

high switching ratios for the black state in the television mode , we
initiated a study of the orientatlonal effects of thin , fast, twisted

nematic liquid crystal layers with respect to the projection light

polarization direction . This program was carried out at the Industrial

Prod ucts Division of the Hughes Air cra f t  Compa ny and was directly

supported by company funds.

This program demonstrated a novel liquid crystal electro—optic

configuration that allows a single LCLV to project television—rate
monochrome blue—black/white television along with superimposed bire—
fringent color graphics/symbology (“mul timode” operation).

The configuration results from the use of a twisted nematic liquid
crystal cell placed in a novel orientation with respect to a crossed
polarizer/analyzer combination. The effect works in the region of

the electro—optic curve where the birefringence is dec reasing as the

positive dielectric anisotropy liquid crystal molecules line up with

the e1ect~’ic field. The shape of the transmission versus voltage curves

shown in Figure 42 for a nominal 45° twisted nematic liquid crys tal

layer operated in the HFE mode and the multimode field effect. The

curves are for reflective mode operation with a return pass through

the liquid crystal after reflection from a broadband dielectric or

metal mirror. In the case of the HFE mode , the incoming polariza tion

direction is placed along one of the two surface alignment directions .

This allows a dark o f f—s ta t e  for  a particular color to be achieved at

the low voltage end of the transmission curve . For high voltages, the

three color curves decrease to low transmission only at very high

voltages. For the multimode field effect , the incoming polariza tion

direction is placed at some angle with respect to the cell alignment

direction.  In Figure 43 , this mode is compared with  the HFE mode . This

polarization direction causes a broad spectral width null , or dark state ,

to appea r at higher voltages (above the transmission m d x im a ) .  However ,

as illustrated in Fi gure 42 , this  nul l  has very low t ransmiss ion and

occurs at much lower voltageb than the low transmission state found
C at  high voltage in the HFfl mode .
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The importance of this lower voltage null is that  it makes high
contrast black/white gray—scale imagery possible with low—voltage

switching capabilities. Also , multimode operation can he achieved by
switching to the lower voltage color peaks. Thus, image light activation

of color graphics and symbology would occur according to the level

diagram of Figure 44. The voltage bias of the light valve would be set

so that wit h no light activation the lowest level color (green) would
be selected. Light level 1 and 2 would then select the next higher
colors (magenta and yellow). Finally, the black/white gray-scale

region would be selected by a region of imaging light intensities. The

black/white information must be inverted because the highest light
in tensity corr esponds to a black state on the projection screen .

Presently , more than 10 shades of gray have been demonstrated with magenta

and yellow symbols with a static input image. Measured contrast ratio

is >120:1. Somewhat larger switching ratios are needed from the sub—

strate to reach the green level. In this operating mode , the liquid

crystal response time in the b/w region is suitable for video frame

rates without smearing.

It is hypothesized that the lower voltage null results from a

destructive interf erence e f f e c t  between the phases of the light travel—

ing along the ordinary and ext raordina ry axes of the liquid crystal.

The null is of broad spectral width because the bandwidth of the

separate color peaks is very broad and thus significant overlap occurs .

This effect has been noted with liquid crystal layers from 2.3 to 6 1im

thick and with cell twist angles from 45 to 90°. The orientational

angles are presently optimized by minimizing ti-ic transmi ssion in the

null and can be varied over a small range of angles to achiC.-ve the best

conditions. - For a 90° twist angle cell, a full compensation of the

birefringence occurs , providing an absolute null; however , the on state

becomes up dominant.

The b/w television mode of operation has also been used wi th color

filters to simulate operation Ln an additive color television projection

system. A higher contrast  rat io is achieved with broader spectra] wid th

f i l t e r s  than wi th  the thickness tuned hybrid  fi e ld  e f f e c t  mode. Also ,

unl ike the HFE mode ,the precise thickness for l ow—thickness cell s is not
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crucial in achieving a dark off—state ; therefore , a TV rate operating

liquid crystal birefringent layer is easily achieved , which can operate

either as a b/w or as a single chromatic channel light valve .
In Table 4 the results of an experimental stud y of a 2.5—pm , 45 °-.

twist, liquid crystal layer of birefringence ~n 
= 0.21 are presented.

The data is presented for three different orientations of the etch

directions (shown in Figure 45) with respect to the projection light

polorization direction. The table shows that, with a maximum switching

ratio of <9:1 (Orientation 1) TV rate , high contrast black/white gray—

scale television can be presented along with three colors. Only the 
S

green peak needs further optimization in terms of intensity . The magenta

peak intensity in a photopic measurement is low because of the spectral

mismatch of the color band with the photopic response.

In two different angles with respect to the light polar ization

direction , di fferent  results are obtained. In general , the ef fect is to

reduce the switching ratio requirements to achieve complete multimode

operation but with a loss of ultimate contrast ratio in the black/white

mode. Also the color of the o f f—sta t e  becomes blue—black in contrast

to a true neutral black. In fact , with Or ientation 3 of Table 4 , it is

possible to demonstrate the basic multimode concept with the CdS thin—

film light valve. These results are reported in Section 4.

68



r’-~~. -. -- ---- -- 

~~
- -‘5- --- ‘--- ---- ‘-.----- ,-- -- - - -- - - -——--,---. - -‘-

~

-—- - --.—-.-- ‘- 

~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~ 
“

~~
—

~~ 

-

-l0

C’4 cn ~~~
U)

cn — -— —_ _

5 -.4 -.4 -.4
o ~~~ 

.

~ 4 0 ~f’l •$~ 0-1 O~U .-4 04~~~~~ICO —— _____________

4-’
S
0) ~~~.,.4 1.’
14
o U) C~’I U•’I .-l 0

cc 0 ir’~ -Zr
44
4-’
S
I-I

4) — —C)

Co cc
E • 0-1 C~l —Zr
i::~
o CI)

0-1 
_ _ _ _ _

14 — —

6) 5 _I 1 -.4
51 

.~~ 
~~~ ~~~~~~~ O~~~~~ L

4) m ~~~ .-4 _I
.0) (O ___
o U
H S
-4 6) ~~~U ~ 4 4.’
—4 14

0 Cl) C —Zr -Zr -~~

r cc ~~ ~-i- 
e•,

4~1
S

0 I-I
_~1 — —  _______

0)
~~ Lfl Q~ N.

00 . . ‘.5

S C—i c-
Cl)

C/) _ _ _  ____
‘-I

‘0) ,-4 _4 4 _ I
4) 5
14 0 ~~ N. 0 O~ tn
S •~-4 0 C”) t~ 4 ~~~ m
Cl) U .‘-I -.4
CO CO -—4) 4.’z

4) ~~‘
4.’ .,.4 U
5 14 ~~ 4
0) 0 0) 0) 0-4 C O~
Cl) 5 N- CO 0) ‘—4
4) 4)
1.4 U
54 5

-4

S
0

0) -4
U)

.5
CO

0)
4-’

a) 0)

‘0
0 CO

Co Co
~~ 4.’
00~~~~ 5~~~‘-4 0) 4)
5: —4 0 0 4 )
— 4) C~ 4-i

~~~ 0

69

5-- ~~~~~~~~~~~~~ -- —-~~~~~ - - - - - 5- --~~~~~~~~~ — -   ~~~~~~~~~ 5-- - —- --— ~~~~~~~- ~~~~- -



r 

—--—- -——-

~~

- - - - _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _

7439—3

—~~~~

if if

H Figure 45. Multimode orientations for Table 4.

70 

- - -~~~~~~~~~~~~~~~~ - - - -  ____



-

SECTION 4

LIQUID CRYSTAL PHOTOCHEMICAL STABILITY STUD1ES

A. INTRODUCTION

The objectives of this study were to determine the e x t e n t  to whi ch
the photochemical st:ibility of the liquid crys tal , E7 , limited the life-
time of the HFE light valve and to identify the major fac tors a f f ecting
photochemical stability. A complemen tar~ stud y of the thermal stab ili ty
o f t h e  liquid crystal  was carried out concurrently on a Hughes—supported
research and development program .

For this study , the technical approach was to moni tor the changes
in the elec t ro—optical effect and to ana Lyze and identify compounds pro-

duced by light and heat. All light irradiation experiments were carried

out on cells that were unsealed and that peLmitted air to diffuse into

the liquid crystal at the edges. Results indicate that access to oxygen

is an extremely important f ac to r  a f f e c t i n g  the l i fe t ime  of the li ght

valve. The thermal stability studies also indicated that oxygen tremen-

dously accelerated the decomposition of the liquid crys tal a t 80 to 100° C.

Moreover , the major products of the photochemical decomposition were

al so formed by therma L dccomposition . One of these decomposition

pr oduc ts was isola ted f rom a mixture ob tained by allowing K2l , one of

the compone nts of li7 , to decompose the rmally in air .  It was ide n t i f i e d

as 4—cyano—4’—hop t anoy lbi phenyl (I), an oxidation product of K21.

7439-10

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

02 NC_
O~~~~~~~~

1
~~ 6Hl3

K21 I 0

The identity of I was ver i f ied  by an independent  synthes is  p e r fo rmed  on

this program .

Some of the experimen ts were desi gned to de term ine the e f f e c t of I

on the l i f etime of an HFE cel l .  Other experiments demonstrated the
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influence of the wavelength and the intensity of the light . Experimental
details are presented in the following section.

B. EXPERIMENTS AND RESULTS

The results of the photochemical lifetime tests on HFE cells are

summarized in Table 5. The liquid crystal used was E7 (BDH Chemicals,

L t d . ,  Poole , Dorse t , England BH 12 4NN) , which is a four—componen t mixture

consisting of three cyanobipheny ls and a cyanoterphenyl (Table 6). The

liquid cr’ stal was used without  f u r the r  pur i f i ca t ion , and Figu r e 46 shows

the extent of impurities present.

Two xenon short—arc lamps were used in this study : a Christie 900 W

and an Optical Radiation (Orcon) 1600 W run at 1000 W . Figure 47 illus-
trates the spectral distribution of these lamps. Figure 48 shows the

physical placement of filters and lenses used in the experiments. For

the cutoff wavelength of 420 nm, a Corning CS3— 73 sharp cut f i l t e r  was
used . Wavelength cu tof fs  at 385 urn (Orcon) and 360 nm (Christie) were - 

-

cont rolled by the hot mirr ors used in each system , and no other filters

were used.

All cells had a 1 in. 2 aperture that  was comp lete ly filled

with the exposing beam. In all cases , except with the light valve , an

external, first—surface aluminum mirror was used. Tempera.ures were

measured by taping a thermocouple to the back side of the mirror .  With

1/8 in. glass , control experiments showed that the measured temperature

outside of the cell was no more than 1°C lower than the internal temper-

ature. No such control experiments were made with 1/2 in. glass , but

it is assumed that the externally measured temperature is no more than

5° C lower than the internal temperature.

The cells were monitored by their transmission versus voltage

response at 623 , 545 , and 466 rim between 0 and 7.5 V (the l ight  valve

was measured between 0 and 30 V ) .  In i t i a l ly ,  measurements were taken

daily for about a week and every 2 to 4 days thereafter. Cell failure

was manifested in the transmission versus voltage curves by a decrease

of transmission and resolution of the second and third order peaks
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is f rom a r e f r a c t i v e  index de tec to r .  (Li quid crystal
batch 508128)
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Figure 48. Arrangement of filters for photochemical stability studies:
(a) Chr istie 900 W xenon lamp ; (b) Optical radiation 1600 W
xenon lamp.
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(2 to 4 V). Additionally, formation of a cloudy spot or streak was

concurrently noticed. Figures 49 and 50 are an example of transmission
versus voltage curves at the start and end of a lifetime test.

The preparation of 4—cyano—4 ’—heptanoylbipheny l (I) was carried out
by the Friedel—Crafts acylation of 4—bromobipheny l to give 4—bromo—4’—

heptylbiphenyl , mp 89 .2— 95 .7 ° C (lit.4 99—100—C). Treating this product

with cuprous cyanide in d iinethylformamide gave the desired product ,
mp 79 .5— 82. 5° C. I ts infrared and nuclear magnetic resonance spectra

were consistent with the desired structure. Its high—resolution mass

H spectrum showed a parent ion at m/e = 291.165 . This material showed
identical spectral and chromatographic behavior as one of the thermal and

photochemical decomposition products of 4—cyano—4’—hepty lbi pheny l (K2l ) ,

one of the components of E7 .

Analytical data were obtained on a Waters Associates Model M6000

high—performance liquid chromatograph equipped with a 4 mm x 3 cm p—Porasil

- 

- 
(10 pm particle size silics) column using a solvent mixture of hexane/

chloroform/acetonitrile (19:4:1 , respectively). This solvent elutes E7

as two major peaks but allows separation of the more polar decomposition

products . The bulk E7 may be separated by diluting the above mixture

with an equal portion of hexane . All solvents were Burdick and Jackson

“distilled in glass” spect rograde . They were f i l tered through Milli po re

0.45 pm Teflon filters and degassed in an ultrason ic genera tor prior to

use. Quantification was done by calibrating with pure known components

and measuring peak heights. Figure 51 shows a chromatogram of E7 and

decomposition products following exposure . The content of the ketone 1

in the original sample was 0.025 to 0.050% , and it inc reased to 0.104 to

0. 209% on cell failure .

Light intensity measurements were made with a Hewlett—Packard

Model 8330A radiant flux meter equipped with a Model 8334A radiant f1u~<

detector. The instrument was factory—calibrated (traceable to NBS

standards). Measurements were made through a Balzcrs neutral densi ty
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filter with 1.1% transmission. Intensities are reported without regard

to spectral distribution of the lamp, and it is assumed that the filter

is uniform throughout the spectrum of interest.

C. DISCUSSION AND CONCLUSIONS

Table 5 presents the results of five photolyzed cells with their

corresponding experimental conditions and lifetimes . The exposure lines

expressed as W—hr/cm2 allow direct comparison of cells since this takes

into account varying light intensities for each test. Furthermore , an

additional column has been included for calculated lifetimes in a prac-

tical LCLV projection system operating under conditions listed for

each cell.

Although cell failure was detected from the transmission versus

voltage curves, the underlying cause for the change in behavior was a

reorientation of the liquid crystal alignment. Examination of the

test cells with a polarizing microscope revealed that the nernatic

director tilted away f rom the surface—paralle l orientation toward the

H perpendicular or homeotropic alignment as photodegradation progressed .

Therefore , one can assume that the degradation produces compounds with

surfact ant  properties capable of inducing homeotrop ic alignment.

The e f f e c t  of the near uv light inciden t on the test cell is

shown by comparison of cells H2882—32 and F {2882—34 in Table 5. These

cel ls were exposed under near ly the same condi tions bu t a t d i f f e r e n t

cutoff wavelengths. Exposure of 1-i2882—34 with A > 385 nm decreased

the l i fet ime of the cell by a factor  of 13 over the et’ll that wa~

exposed with X > 420 nm. Including the shorter wavelengths increases

the amoun t of energy absorbed by ei ther E7 or its photodegrad at ion

products in their absorption tails . A 420—r i m f i l t e r  was selected to

eliminate as much of the near uv light as possible while retaining

most of the blue region of the visible.
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Light intensity appears to have a nonlinear effect on cell lifetime.

Increasing the intensity during an experiment with cell H2882—50 caused

a dramatic decrease in exposure life , relative to that of cell H2882—32,

which was illuminated with the same wavelengths but at a lower intensity

throughout the l i fe t ime of the cell.
Although the presence of ketone I did not noticeably affect the

initial alignment , it significantly decreased the photochemical stability

of the alignment. This behavior was demonstrated by lif etime tests on

cells using E 7 doped with  addit ional  I to br ing  i ts  concentration to

0.37%. The e f f ec t  of the added ketone was to reduce the u se fu l  exposure

l i f e  to less than half , as can be seen f rom the resul ts  fo r  cells H28 82—

61 and H2882—32 , using A > 420 nm . A more drastic reduction in exposure

l i fe  occur red for  cell H2882 — 60 , which contained the added ketone and was

irradiated with A > 360 nm. The combined effects of higher ketone concen—

tration, shorter wavelengths, and slightly higher intensity reduced the

exposure life of this cell to less than 3% of that of H2882—32.

The major photochemical decomposition product of E7 is indicated

by peak 2 in the chromatogram shown in Figure 51. It is also present as

a contaminant in the s tar t ing material  (peak D in Figure 46) , and it is

the major thermal decomposition product of 1<15. We assume that  it is

4—cyano—4’—pentanoylbiphenyl ( I I ) ,  a ketone derived by oxidation of K15

in reactions analogous to those producing I:

7439-9

NC __f~~
_

~ _~~1.-C4H9

Its presence in the l iquid crys ta l  wi l l  have de le ter ious  e f f e c t s  s i m i l a r

to those found for I.

We believe that the components of E7 decompose prim~ rily by auto—

oxidation, particularly those componPnts that have benzy lLc  hydrogen

(Kl5 , K21, and T15). Reactions typical of such auto—oxidations are
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shown in Figure 52. Although these equations are written for the

photochemical degradation, a similar series of reactions is expected to

characterize the thermal degradation as well.

The ketones (Z), which have signi f i can t li gh t absorp t ion ta ils a t
420 nm, can accelerate the decomposition by entering the mechanism at

photosensitizers :

0’
hv

~~~

8

8 + L -~ . 5 b + 2
-
~~ ~ -

The glycol 9 has not yet been de tected , but we expect that it will

be su rface—active and may be involved in reorienting the liquid crystal

toward homeotropic alignment. Since 9 is formed by a reaction of two

radicals , it would be fo rmed at a ra te  proportional to the square of the

light intensity. This can explain the nonlinear relationship between

lifetime and light intensity noted above .

Since oxygen—containing species are involved in nearly all of the

proposed reactions , alignment stability should be greatly enhanced by

— eliminating them from the starting material and preventing contact w i t h

molecular oxygen , par ticular ly  at high tempera tu res or under in tense

illumination. Eliminating molecular oxygen without careful purification

of the liquid crystal to eliminate ketones could possibly accelerate

the realignment , however , since the surface—active glyco l 9 is formed

f rom the ketone by a free—radical d imerization , and the dirnerization

actua lly may be retarded by molecular oxygen. Further  exper iments  are

necessary to clarify the role of oxygen . Filtering the p r o j e c t i o n  light

to eliminate more of the short wavelength radiation wou Ld undoubtedly

increase the lifetime of the light valve even without other measures to

promote chemical stability. But the 3000 hr l i f e  time wi th  a 420 rim

filter in the present systems is an impressive achievement.  
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Figure 52. Possible auto—oxidation mechanism of alky l cyanobiphenyl
components of E7.
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SECTION 5

CdS PHOTOSENSOR DEVELOP flENT

A. INTRODUCTION

We have identif ied the following photosensor charac ter i s t ics

where significant improvement is necessary to achieve a practical multi—

mode colo r symbology/monochrome television l ight va1ve device:

• Switching ratio and linearity of the gamma transfer
characteristics curve

• Photosensitivity and response time

• Device resolution

• Negative memory effects.

In this section , the above cha rac t e r i s t i c s  are discussed in more detail.

A higher switching ratio is required to reduce the project symbol

edge width found in present light valves. The principal cause of this

edge e f fec t  is the nonlinear nature of the CdS photosensor response.

The CdS response is propor ti ona tely gr eater at low imag ing ligh t level s.

Thus the edge intensity of the Gaussian—shaped CRT spo t used to write

the imput image is ampli fied by the photosensor. This causes the liquid

crys ta l  to be driven above the threshold at the ed ge of a symbol

creating a symbol border consisting of the lower order liquid crystal

color peaks. The optimum solution to this problem is to  l inearize the

CdS photosensor response. This can be achieved by increasing the

available switching ra t io  of t he f i lm  so that a sma l l e r  region of th e

curve can be used to drive th e liquid crystal through t h e required

voltage range . The repsonse over the smaller region will be more

linear and a significant improvement in the magnitude of edge effect

wilt result. This has been discussed in  more de t a i l  in  th e  1- i na l

Te~;hnica l  Repo rt , Contract N00024—75—C—7187 , p. 17.

Two appro . iches to achieving a higher swi tching ra t io  in the photo—

sensor film were pursued . The first approach consisted of a three

layer , graded bandgap composite structure of CdZnS , CdS , and CdSSe

-- -~~~~~~~~~~ - - - --~~~~~~~~ -—-—- -
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films deposited sequentially. However , the composite photosensor had

the following problems:

• The chemo—mechanical polishing process developed for CdS
was not suitable for the CdSSe film used in the composite
photosensor

• Extremely slow response times were observed

• The thick films necessary for high switching ratio showed
image granularity

• The complex processing necessary lowered the run—to—run
reproducibility.

- - The second approach to achieving a higher switching ratio was to

use a thick layer of CdS. This approach was attractive because the ac

capacitance of the CdS layer determines the dark impedance and thus the

ultimate switching ratio . In addition , Hughes has developed consider-

able experience in fabrica ting thin CdS layers for  monochrone television

light valve devices. There were , however , specif ic problems assoc iated

with thick CdS layers. The main problem was that although thick CdS

films exhibit higher switching ratios , device resolution is significantly

reduced. This results from the conditions in the rf diode sputtering

process, which cause the film to grow as tapered crystallites (inverted

cones) from a limited number of nuclei at the ITO—CdS interface. The film

structure contained significant longitudinal porosity because of the low

atom mobility at the growing film surface. The net result was that

the crystallite diameter increased with film thickness, thereby limiting

device resolution for thick, high switching ratio CdS films .

To solve this problem we have increased the film nucleation

density and adatom mobility so that true columnar structure is obtained

without the lateral crystallite growth that limits device resolution .

We were able to achieve this by increasing the kinetic energy of the

arriving species to the substrate and enhancing the surface diffusion.

In preliminary experiments , we have inhibited the growth of the cr stal-

lites in the thick films by using a combination of high deposition
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rates and enhanced film ion bombardment. The results of this

investigation are presented in the next section.

B. RESULTS

Scanning electron microscopy (SEM) is a useful tool in studying

the surface morphology and cross—sectiona l structure of CdS films .

Figure 53 shows a typical SEM micrograph of thin CdS film (15 pm)

deposited under normal conditions before the present program began.

The film grows as tapered crystallites, where crystallite diameter

increases rapidly with film thickness. For a thick film (50 pm),

this mode of film growth reduces device resolution to an unacceptable

level. Therefore, to be useful, thick CdS films must be produced in

a manner that inhibits lateral crystallite growth .

Figure 54 shows a SEM micrograph of typical surface morphology

and cross—sectional structure of thick CdS film produced under new

conditions . The film consists of vertical columnar crystallites that

are densely packed and show very little lateral growth. This feature

allows us to fabricate the thick layers of CdS required for high

switching ratio and , simultaneously,to maintain good device resolution.

In addition to high switching ratio and good resolution , the CdS

photosensor film required for a multimode light valve device must also

have fast response t ime characteristics. Table 7 lists a few typical

examples of CdS film characteristics obtained in recent experim ental

runs. We generally observe the following :

• Higher film thickness results in a higher switching ratio.
The relationship may not be linear beyond a (-ertain film
thickness when o n ly  moderate gain in switching ratio is
obtained.

• Films with higher  p hotosensi tivi ty give h igh er s w i t c h i n g
ratios but tend to give slower response times. (in the other
hand , certain processing techniques (e.g. nitrogen doping)
tha t result in fast response time charact eristics give lower
pho tosensitivity and switch i ng ratio.
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Figure 53. Typical SEM micrograph of tapered crystallite
cross—sect iona l  m i c r o s t r u c t u r e  of CdS f i l m s .
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Table 7. Typical Characteristics of
Improved CdS Films

Switching Ratio Response Time at 100 ~iW/cm
2

CdS Film Film at 100 pW/cm2 Input Light, msec
Specimen Thickness, Input Light
No. pm Intensity Rise Decay

12577 55 5.4 30 150

12677 45 4.2 30 100

121277 35 2.5 20 20

10677 50 4.0 20 50

T6101
Since multimode operation requires both color symbology and

monochrome television capability, it is apparent that both high

switching ratio and TV rate response time must be obtained in the CdS

photosensor film. Although we have demonstrated high switching ratio and

TV rate response time in two different types of CdS films, combining

these in one film remains a challenging task. The next section sum-

marizes the remaining problems to be addressed to optimize photosensor

performance for a true multimode light valve operation.

C. REMAINING PROBLEMS

• The main problem,as mentioned before, is to optimize the
process parameters such that both high switching ratio and
fast response time are obtained in the same CdS film. At
present, we are able to obtain either high cwitching ratio or
fast response time but not both.

•. Another problem is related to the high deposition rates required
to inhibit tapered crystallite formation in thick CdS films.
High deposition rates give rise to nodule growth in thick
films due to source particle incorporation (see Figure 55).
These modules may form visible defects in the final image on
the screen. Further process optimization is needed to
eliminate nodule growth in thick CdS films.

• Post—processing degradation of CdS caused by polishing and
the subsequent thin films deposition (CdTe, dielectric

92

~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~



—
~~~

- 
____

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

I



~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

mirror) must be investigated to ensure good performance
at the completion of the device.

We have observed that thick CdS films necessary for high
switching ratio show negative memory effects. Further
photosensor development work is required to eliminate the
negative memory in thick CdS films.
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Table 8. Response Times of Final LCLV Devices

Input Imaging Response Time, msec

Color Light Power, p.W/crn 2 (a) (b)

_________ 

(a) (b) Rise Decay~~ Rise Decay

Magenta 89 150 110 400 200 350

Blue 25 88 200 400 250 350

Green 17 50 250 400 300 350

Red 5 10 400 400 400 400

0 to 90%

~~10O to 10%

T6101

The voltage transmission curves for both cells (a and b) are shown

In Figures 56 and 57 with the substrates illuminated with light of sat—

uratlon intensity. The operating voltage indicated on the figures is

that required to bias the cell to the transmission null  in the absence

of input illumination.
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B. LCLV H4053

Cell Specification

Cell designation: H4053, S/N 10101

Liquid crystal: BDH biphenyl nematic E7

Liquid crystal alignment : 450 twisted nematic

Aperture size: 2 in. diameter

Input image peak: 525 nm (P—l Phosphor)
(photosensitivity)

Operating voltage range: <20 V
rms

Operating frequency range: 20 kHz

Measured Performance

Operating conditIons: 15.7 V at 2 kflz (O.E. tab at
rms

8 o’clock)

Sensitiv~ity: Maximum extinction at 120 11W/cm
2.

Full on at 10 11W/cm2 at operating
conditions.

Contrast ratio: 11:1

Limiting resolution : 45 lines/mm at 100 1.1W/cm
2

Time response at 100 pm/cm2

Rise (to 90% of max.) 10 ms
Decay (to 10% of max.) 20 ms

Cell Construction

Substrate: Sputtered CdS with S102/Ti02
sputtered mirror.

Cell design: Sealed

The voltage—transmissinn curves of the multimode light valve are shown

in Figure 58. The region of back slope operation is approximately

between 8 and 16 V.
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Figure 58. Voltage—transmission curves for LCLV H 4053.
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SECTION 7

RECAPITULATION AND CONCLUSIONS

In summary, during this phase of the program , stable, long—lifet ime
high—valve operation was achieved and an improved CdS photoconductor was

demonstrated . Improved color—symbology light valves were fabricated and
delivered for the Navy ’s evaluation , aüd a promising multimode liquid-

crystal effect was invented . In spite of these achievements, additional

development is required . The multimode operation demands a fur ther

increase in the photoconductor switching ratio . To minimize the outline

effect, photoconductor linearity should be improved, and, to achieve good

TV display , the response time should be reduced and the image retention

effect  eliminated .

In the liquid—crystal area, the back slope operation should be

evaluated for the multimode light valve and, if it is good, should

be developed. If it is not, the present approach should be optimized.
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