22-"'Decenber 2005 DESCRI PTI ON REFLEX LI QUI D CRYSTAL DI SPLAY DEVICE, DI SPLAY:
~APPARATUS, PRQIECTI ON OPTI CAL SYSTEM AND PRQIECTI ON BR SicAmbenZ9PE M

“"TECHNI CAL FI ELD The present invention relates to a reflex liquid crystal

(el ectro-optical) display device adapted for a projection display system
or the .like, and also to a display apparatus, a projection optical system
and a projection display systemused in conbination with such a display
devi ce. BACKGROUND ART Wth the recent progress in realizing inproved
projection display with a high definition, a small size and a high

| um nance, there are noted and praﬁticall utilized reflex display devices
whi ch are suited for achieving a Fﬁgﬁ§P§HQN reduction with an enhanced .
definition and are capable attaining a high optical efficiency. Qut of
such display devices, there is reported an active reflex liquid crystal

di spl ay device wherein a | 1 22 Decenber 2005 driving elenent is provided
on a silicon substratRERXHIQUID CRYSTAL DISPLAY DEVICE, '

DISPLAY APPARATUS, PROJECTION OPTICAL SYSTEM,

AND PROJECTION DISPLAY SYSTEM

TECHNICAL FIELD

The present invention relates to a reflex liquid
crystal (electro-optical) display device adapted for a
projection display system or the like, and also to a
display apparatus, a projection optical system and a
projection display system used in combination with such a

display device.

BACKGROUND ART

With the recent prégress in realizing improved
projection display with a hiéh definition, a small size
and a ﬁigh luminance, there are noted and practically
utilized reflex display devices which are suited for
achieving a dimensional redﬁction with an enhanced
definition and are capable attaining a high optical
efficiency.

OQut of such display devices, thefe is reported an

active reflex liquid crystal display device wherein a
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is positioned opposite to a glass substrate having a transparent el ectrode
formed therein and is conposed of, e.g., a CMOS (conAZhenetrder20 al oxi de
‘'sem conductor) circuit, and a dr|V|ng CIrCUIt substrate having an .
al um num opti cal reflectlng el ectrode is placed thereon, and a
vertically-aligned liquid crystal material is injected between the pair of
such substrates (Paper (1): H.. Kurogane et al., D gests of SID1998, p. 33
-- 36 (1998); Paper (2): S. Uchiyama et al., Proceedings of |DW000, p.
1183 -- 1184 (2000)). The devices of this type have practically been
conner0|all Here, the verti, aII ned I| |d crystal
nat eri‘al |s Bﬁglﬁgv?ﬂgmﬁngeéﬁtPG@vbg?ﬂl?Pl9| 9 afP oFPbg§raF?

E(I1) - % ¢ch is the difference between the parallel pernltt|V|ty
E(11) and t B8 %?E-F&apedpePHPFEF@u £9 &(9}265 EHBSHEPER BaVingfathe liquid
crystal nolecule, is negative). Wen the voltage applied between its

tr anspar ent LEpBEPREEBtanderEgRter EPFBELi AhcERant pBdelsi sompPBedt @8, | i qui d
crystal nolecules are oriented to be substantially vertical to the
substrate pkatiertd EMeBelhgomplenentapyapetnlaonddanbepibbadkchode. The
t hi ckness (cell gap) of the vertically-aligned Iliquid crystal layer in the
.convent i onatireflitx dedi sed22vbegeabecu2d05ubeportedhaminypeambove theses is
3to 4 gm and the curve of the liquid crystal transmssivity to the
driving aluminum optical reflecting electrode is placed thereon,

and a vertically-aligned liquid crystal material is

injected between the pair of such substrates (Paper (1):

H. Kurogane et al., Digests of SID1998, p. 33 - 36

(1998); Paper (2): S. Uchiyama et al., Proceedings bf

IDW2000, pf 1183 ~ 1184 (2000)). The devices of this type

have pfactically been commercialized by some makers.

Here, the vertically-aligned liquid crystal

material is one having a negative permittivity anisotropy

(i.e., Ae (= e(]l) - £(1), which is the difference

between the parallel permittivity e(||) and the vertical

permittivity £(l) to the major axis of the liquid crystai

molecule, is negative). When the voltage applied between

its transparent electrode and light reflecting electrode

is zero, the liquid crystal molecules are oriented to be

substantially vertical to the substrate plane to thereby

give display in a normally black mode.

The thickness (cell gap) of the vertically-aligned

liquid crystal layer in the conventional reflex device



vol tage applied to the liquid crystal (hereinafter referred to as V-T
curve, which corresponds to the reflectivity of the d@Deemienzlsed
actually in the reflex device; it is supposed here that the incident
light, e.g., s-polarized light, is nodulated into p- polarized reflected
light by the device as will be described later) has such characteristic
that it rises at a threshold voltage of 2V or so and reaches its nmaxi num
value at an applied voltage of 4 to 6V. The transmissivity of the liquid
crystal is changed anal ogously by changing the voltage between. the

el ectrodes to thereby realize expression of gradations. Fig. 14

gr aphi cal | yrepowsedatin dheerpred fbearseianpl o #r amPaped {He winws above.
According to the reported data, the liquid crystal |layer has a thickness
of 3 gm tRE GhevilAguiel pagétaé appreRilesidiyyAvo &he thévipgsponse speed
(rise tinme + fall tinme) is 17msec or so. Normally the liquid crystal is
driven whil wofltagevabrdged $oi bher Lédutid beysasilt i(hereinaégati ve per frane
or field, so that the above device is actually driven by a voltage of 4 to
6V at the maeifeumred( Sonee VhE posvel vehiahdcpegekbwvady- Tocthees are
mutual ly symmetrical in 22 Decenber 2005 principle, it is usual that the
V-T curve i ge€ipeessedyvasf phsi Hevecal neashrkd ia&t@h&@gdﬁhi BRd that a

liquid. crystal driving voltage of 4 to. 6V needs to be nore than 8 to
reflex device; it is supposed here that the incident
light, e.g., s—pdlarized light, is modulated into p-
polarized reflected iight by the device as will be
described later) has such characteristic that if rises at
a threshold voltage of 2V or so and reaches its maximum
value at an applied voltage of 4 to 6V. The
transmissivity of the liquid crYStal is changed
analogously by changing the voltage between. the
electrodes to thereby realize expression of gradations.
Fig. 14 graphically. shows data excerpted as an example
from Paper (1} cited aboﬁe.-.According to the reported
data, the liquid crystal layer has a thickness of 3 um,
the driving voltage is approximately +4V, and the
response speed (rise time + fall time)lis 1l7msec or soO.

Normally the liquid crystal is driven while the

voltage is inverted to be positive or negative per frame
or field, so that thg above device is actually driven by

a voltage of t4 to 6V at the maximum. (Since the positive

and negative V-T curves are mutually symmetrical in



12V.;as an effective withstand voltage of -a driving transistor. Since this:
voltage is considerably higher than the withstand volZZdgeembeaZis nal MOS
‘process, a high wthstand voltage process .for an LDD (lightly doped _
drai n-source) structure or the like is applied to a liquid crystal driving
transistor fornmed in each pixel on the silicon driving circuit substrate.
Consi dering the production cost, power consunption and so forth, the
withstand voltage is generally in a range of 8 to 12V. This. is the reason
that the known device is so designed as to have a V-T curve of 4 to 6V at
t he maxi nrum_ In th verticallg-agigﬁeg Igguid crystal .material used in the
known devi cBEIRERBLRef thct VB AdeXxMabnTFE6t VopyCARVE=1R EXPF§SSeq ¢d) |,
which is the difference between, the refractive index-gf]l)_along t he maj or

axis of thBOPLELVE 8l9Real nbf etdl 2l hereditrhat i el imiisk Fugtal

vertical, thereto), has a value less than 0.1 {(typically 0.08 or 'so), and
t he typi cal dpixérgpvethage 8. 54gkp. EPi Reedsi ke %@ yoip. thaseft £9, one .
defect of the liquid crystal display 4 22 Decenber 2005 device concerning a
| ow r esponsé2¥paedanhefteftive withatehdgvaltedei ofi asdaipionplem and it is
wel | known that raising the response speed is an, inportant requisite.
transistor. '
Since this voltage is conslderably higher than the
withstand ﬁoltage in a normal MOS process, a high
witﬂstand voltage process for an LDD (lightly doped
drain-source) structure or the like is applied to a
liquid crystal driving transistor formed in each pikel on
the silicon driving circuit substrate. Considering the -
production cost, power consumption and so forth, the
withstand voltage is generally in a range of 8 to 12V,
Thisiis the reason that the known device'is s0 designed
as to have a V-T curve of *4 to 6V at the maximum.
In the vertically4aligned liquid crystal material
used in the known devices, the refractive index
anisotropy An (= n{]|l} - n(l), which is the difference
- between the refractive index n(]) along the méjor axis of
the liquid crystal molecule and the refractive index n(l)
vertical thereto), has a ﬁalue less than 0.1 (typically
0.08 or so), and the typical pixel pitch is ‘13.5 pum
(pixel-size 13 um).

Recently, one defect of the liguid crystal display



In general, the response speed (rise tine and fall tinme) of the liquid

crystal is proportional to the square of the thickneg8Dgcerbar280%i qui d
crystal l|ayer, as expressed by Eg. (1) and Eq. (2) below Therefore,

reduci ng the thickness of the liquid crystal layer is effective to- attain
a higher response speed. rise time: Ton 'y d ,(OA(V2 vC2) fall tine: Toff
=-yd(2) K7C (wherey : viscosity of liquid crystal, d: thickness of
liquid crystal layer, Ae : permttivity anisotropy of liquid crystal, e(O:
space permttivity, K elastic constant of liquid crystal, V: voltage
applied to liquid crystal (liquid crystal driving voltage) Vc: threshold
vol tage). HEREVEE, CPHC?ﬁélvgrﬁléQWIVeﬁPPEﬁ@dSP?aG|8h6F9§ PS di spl ay devi ce
known heretofore, although the response speed thereof is rendered higher
according t@tEGQCt{&g abRent2pnweshar doeie®n andt ke thi wkhésknownt he

-liquid crystal layer, there arises another problemthat the 5 22 Decenber

2005 drivingh&blrageinnghee¢eBmonaﬁlﬂpnadujar&n,impwshastinéqwi$hmmnes
hi gher. Fig: 15 graphically shows V-T curves obtained by reducing the
thi ckness ofntbeneral, the response speed (rise time and fall time)

of the liquid crystal is proportional to the square of

the thickness d of the liquid crystal layer, as expressed

by Eq. (1) and Eq. (2) below. Therefore, reducing the

thickness of the liquid crystal layer is effective to-

attain a higher response speed.

. . . y - d
rise time: ton = 3 5 ... (1)
SOAV’ — Vc?)
) |
fall time: toff = I"i < e (2
R

(where vy : viséosity of liquid crystal, d: thickness of

liquid crystal layer, Ae: permittivity anisotropy of

liquid crystai, g (0): spéce permittivity, K: elastic

conétant of liquid crystal, V: voltage applied to liquid

crystal (liguid crystal driving voltage), Vc: threshold
- voltage) .

However, in the vertically-aligned liquid crystal
display device known heretofore, althougﬁ the response
speed thereof is rendered higher according to Egs. (1)
and (2) with reduction of the thickness of the liquid

crystal layer, there arises another problem that the



liquid crystal layer in a systemusing a liquid crystal material (where An
= 0.082) enployed in a conventional device, and Fig. 22@egerapdri20Qb|l y shows
“changes caused in the saturation voltage with the thickness d of the .
lI'iquid crystal layer. As shown in Figs. 15 and 16, the saturation voltage
of the device becones sharply higher over 6V after the thickness d of the
liquid crystal layer is reduced to less than 2.5 gm and the saturation
vol t age reaches high as 10V or so when the thickness d is less than 2 gm
That is, the withstand voltage required for the driving transistor needs
to be higher than 20V. In addition, when the thickness d is less than 1.5
udm the abS8iuiBgvEpPLEagef repulredniarssabrgtingl §heo reach 100% In case
the thickness dis 1 gm the transmssivity attainable is nerely 30% or
so, while t heanhréshovdtyobeageesshighsed ¥ig bel highaphi&icly aslphvenomenon
is considered to result fromthat, wth a reduction of the thickness d
(cell gap) VnTtbervesrobtabhydabignedutingi ther yhiaknesheofntkeacti on
exerted on the interface between the liquid crystal 6 22 Decenber 2005

mol ecul es abtlgtbé oryevant Lapeti bm hesgseemrekahivel Yiqggigateystelt he
directional change caused in the director of the liquid crystal nol ecul es

by the appligte¥Phi agflhere An = 0.082) employed in a conventional

device, and Fig. 16 graphically shows changes caused in
the saturation wvoltage with the thickness d of the liquid
crystal layer.

As shown in Figs. 15 and 16, the saturation voltage
of the device becomes sharply hiéher over 6V after'ﬁhe
thickness d of the liquid crystal layer is redﬁced to
less than 2.5 pm, and the saturation voltage reaches high

as 10V or so when the thickness d is less than 2 um.
That is, the withstand voltage required for the driving
transistor needs to be highgr thah 20V. In addition, when
the thickness d is less fhan 1.5 um, the absolute wvalue
of the transmissivity fails to reach 100%. 1In case the
thickness d is 1 um, the transmissivity attainable is
merely 30% or so, while the threshold voltage is raised
to be higher.

Such a phéenomenon is considered to result from that,
with a reduction of the thickness 4 (cell gap) in the
vertically-aligned liquid crystal, the interaction

exerted on the interface between the liquid crystal

6
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To the contrary, when the liquid crystal |ayer has a sufficient thlckness

the director is rendered nore nobile due to the prop@?Dgcember 29GPk,
“whereby the interaction on the interface is decreased in effect. As

descri bed above, if the driving voltage becones higher in the liquid
crystal display device, proper driving fails to be perforned in. an
ordinary driving device substrate of silicon. It is a nmatter of course
that this problemcan be solved by raising the withstand .voltage of the
pi xel driving transistor, but generally the process is conplicated with
further disadvantages of |ncrea5|ng both?l%%égroductlon cost and the pomer

consunpt i o FRFEheF e tRe ReherteEfieno F MRS afRatbYe hge,
unavoi dabl e that the transistor size is enlarged. For this reason, |t
becones ext9ERREGT dFef ot direct Homed achemee heehsofl tHt Birel- dbrealger
transistors in a small pixel size (or pitch) Iess than 10 amor so in
particul ar.ofFothe hblgebd orr el onetieabbee, byt the apmbid¢dardéitaakfficul t,
in any known reflex display device using the conventional
vertical | y-Bi gnedcdngrady crwiséral the ol i @alid ec2@stek etdpesr 2005 4 he t hi ckness
of the liquid crystal layer to less than 2.5 gm Reducing the thickness of
the |iquid sugsialehayeiiclasesescrhdedi séonsr dosvwréiderédendresponse speed)
to the : ‘
mobile due to the property as a bulk, whereby the
interaction on the interface is decreased in effect.
As described above, if the driving voltage becomes
higher in the liquid crystal display device, proper
driving fails to be performed in an ordinary driving
device substrate of silicon. It is a matter of course
that this problem can be solved by raising the withstand
voltage of the pixel driving transistor, but generally
the process is complicated with further disadvantages of
increasing both the production cost and the power
consumption. Further due to such a rise of the withStand
- voltage, it is unavoidable that the transistor size is
enlarged. For this reason, it becomes extremely difficult
to manufacture high withstand-voltage transistors in a
small pixel size (or pitch) less than 10 um or so in
particular.
For the reason mentioned above, it is practically

difficult, in any known reflex display device using the

conventional vertically-aligned liquid crystal, to reduce



applied voltage and |owers the. yield in manufacture of the device.
Further, in any projection optical system equi pped w22 RPesernbendd8dn di spl ay
“device, the F nunber of the optical unit needs to be equal to or greater-
than 3.5 for maintaining a high contrast as will be expl ai ned bel ow,. hence
bringi ng another problemthat a high |um nance is not attained. In any
projection systemequipped with reflex |liquid. crystal display devices, as
shown in Fig. 17, there is required an optical unit wherein |um nous fl ux
emtted froma lanp light source 1 is irradiated to reflex Iiquid crystal
di splay devices 3R, 3G 3B, each_ using vertically-aligned liquid crystal
via pol ari zEBe BBaRKkBEFFt PEr theRligwldopryatah davee K8 peparthed |ight
‘'separating devices for red (R), green (G and blue (B) respectively, and
the refl ect 2dSl pght beans nodul ated by such devices are collected by a
prism (X-dube prisn 4 which synthesizes the |light beams of the ‘
i ndi vi dual col or Recantliniderhe hieh bofiposs tef | thyht 1 beaid i srypsigleckagkms 8 22
Decenber 2005 projection light 10(p) to an unshown screen via a projection
| ens 5. Heres dasanibtdusiloati downptheatkisai {réeponkkl speadii hg the refl ex
liquid crystal devices 3R 3G 3B, '

applied voltage and lowers the yield in manufacture of

the device.

Further, in any projection optical system equipped

with such known display-device, the F number of the

optical unit needs to be equal to or greater than 3.5 for

maintaining a high contrast as will be explained below,

hence bringing another problem that a high luminance is

not attained.

In any projection system equipped with reflex

liquid crystal display devices, as shown in Fig. 17,

there is required an optical unit wherein luminous flux

emitted from a lamp light source 1 is irradiated to

reflex liquid crystal display devices 3R, 3G, 3B, each

using vertically-aligned liquid crystal, via polarized

" beam splitters 2R, 2G, 2B which serve as polarized light

separating devices for red (R), green (G) and blue (B)

respectivély, and the reflected light beams modulated by

such devices are collected by a prism (X-cube prism) 4

which synthesizes the light beams of the individual

colors, and then the composite light beam is projected as



the-white light (10(p,s) conposed of p-polarized conponent and s-polarized

conponent) fromthe white lamp 1ight source 1 is pro@ddiesember 20895
's-pol arized light 10(s) via a fly-eye lens 6, a polarizer/converter 7, a-

condenser lens 8 and so forth. Subsequently the s- polarized light 10(s) is
introduced to a dichroic color separation filter 9, and the |ight
separated therethrough is sent to total reflection mrrors 11, 12 and a
dichroic mrror 13 to consequently beconme light 10R(s) , 10G s) and
10B(s) of individual colors. Thereafter the light is incident upon the
reflex liquid crystal display devices 3R 3G 3B respectively via the
pol ari zed bBAERISEFAPReASINERI0ZR) 5B, aBNYNEREWPeFrEEERd VERgRt i s pol ari zed
and nodul ated in accordance with the voltage applied to the reflex liquid
crystal di sprayedékpsededr, 53G 3B. After incidence upon the polarized
beam splatters 2R, 2G 2B again, only the p-polarized conponents 10R(p),
103 p), 10B(p) ofHehe, | ighan aiklumbmsirien edpihdat hemiar for synt hesi zed by
the prism 4. Consequently, when the applied voltage is zero in the reflex
i quid crysialufifatbagetrher r2d0&xdildpludyl dawsiesl tdeviawes demt 3¢,gh3Bj s
reflected directly as s-polarized [ight w thout passing through the
pol ari zed ber& whlitet @ghandlbhpssy heosysted bs plpeedriBeda normal Iy bl ack
node where the light is polarized and

component and s-polarized component) from the white lamp

light source 1 is processed to be s-polarized light 10(s)

via a fly-eye lens 6, a polarizer/converter 7, a

condenser lens 8 and so forth. Subsequently the s-

polarized light 10(s) is introduced to a dichroic cblor

separation filter 9, and the light separated therethrough

i1s sent to total reflection mirrors 11, 12 and a dichroic

mirror 13 to consequently become light 10R({s), 10G(s) and

10B(8) of individual colors. Thereafter the light is

incident upon the reflex liquid crystal display devices

3R, 3G, 3B respectively via the polarized beam splitters '

2R, 2G, 2B, and the reflected light is polarized and

modulated in accordance with the voltage applied to the

reflex liquid crystal display devices 3R, 3G, 3B. After

incidence upon the polarized béam splitters 2R, 2G, 2B

again, only the p-polarized components 10R{p), 10G(p),

10B(p) of the light are transmitted and then are

synthesized by the prism 4. Consequently, when the

applied voltage is zero in the reflex liquid crystal



nodul ated with a rise of the applied voltage, so that the p-polarized
reflected light is increased to eventually raise theng@ﬁgﬁP§§¥Wﬁty (refer
to Fig. 14). In the optical unit enployed for the known vertically-aligned
l'iquid crystal display device reported in Papers (1) and (2), the F nunber
is equal to or greater than 3.5 (e.g., 3.8 to 4.8 in Paper (1), or 3.5 in
Paper (2)). The F nunber of the optical unit is a function of the.

i nci dence angl e (outgoing angle of reflected light) 0 of the |ight
incident upon t he device, and it is expressed as follows. F =1/ (2 X sin0
Ere55|on of F = nIfIEiGthat t he device, K face is

| i ot eadbgPERE FARgRESw ERFnLaRi3RGFe 1006 18 ?eéiﬁ%??‘n@lé%%éj a line
perpendlcular to the device. face, and the reflected |ight i's obtained
therefrom AS &pPPdasirpemitght withont pAsSREeg th&orghulbBer, the |ight
~incidence and_outgoing angle O become greater to consequently i ncrease the
total |um nbasarigrd hepwesplatSehg &R ChHBniheesybbamves, placetieinef| ex
liquid 10 22 Decenber 2005 crystal device, generally the bl ack | evel val ue
(transnissiainormaléybbéebksmade)WbeCQnEbehﬂgbét igi phlanizédcardse of the
i nci dence angle, and the polarized-light separation characteristic of the.
pol ari zed bmadulapkdtwéth a rise of the applied voltage, so that the
p-polarized reflected light is increased to eventually
raise the transmissivity (refer to Fig. 14}.
In the optical unit employed for the known
vertically-aligned liquid crystal displéy device reported
in Papers (1) and (2), the F number is equal to or
greater than 3.5 (e.g., 3.8 to 4.8 in Paper (1), or 3.5
in Paper (2}). The F number of the optical unit is a
function of the incidence angle {outgoing angle of
reflected light) 8 of the light incident upon thé device,
and it is expressed as follows.
F=1/(2 X sin@) - ... (3}
An expression of F = 3.5 signifies that the device
face is illuminated by the light within an angle of 6 =
18.2° centering around a line perpendicular to the device
face, and the reflected light is obtained therefrom.
As obvious from Eq. (3), the smaller the F number,
the light incidence and outgoing angle € become greater

to consequently increase the total luminous flux, hence

raising the luminance. However, in the reflex liquid

10



i s dependent on the angle 0 , whereby it is unavoidable that the ,
characteristic is deteriorated with an increase of tR8Dgsgneer£005and the
‘degr.ee of separation into the p - polarized |light conponent and the
s-pol arized light conponent is rendered | ower when the angul ar conponent
is great. For the reasons nentioned, there occurs a phenonenon that the
bl ack I evel rises while the contrast is considerably |owered. Thus, in
practical use, there exists a problemof trade-off (difficulty for
conpatibility) between the |um nance and the contrast. Because of this
problem in any conventional projection systemequipped with such a known
devi ce, theFéyﬁgaénﬁPgﬁﬁﬂfaﬁeB§¥? ay¥ GRet PhAEKeleWel Eahbfber, is greater
than 3.5 (nore specifically/ the F . nunber of the projection |lens 5 or that
~of the illdRrARENGASHPLEFalnuAi PIackhatats) bacamgsphbpberi vhthopri cal
system equi pped with the known device, the F nunber is not settable to
| ess than 3i8cdeaseocd Hbemhdciflenceranvileal aypdr thei pohgrazadghigbntrast to
a certain degree, hence causing a failure in raising the |um nance. 11 22
Decenber 208&piatatsobhehefacteniftistobbibet polatheedrbsent splioteati-on to

provide inprovements in a vertically-aligned liquid crystal display device
whi cht! s repsegeptadehy 8n thefheylbi qui dianediali tdiisPhala wWgWaea of the
i nvention ‘

that the characteristic is deteriorated with an increase
of.the angle #, and the degree of separation into the p-
polarized light component and the s—polaiized light
component 1s rendered lower when the angular component is
great. For the reasons mentioned, there occurs a
phenomenon that the biack level rises while the contrast
is considerably lowered.

Thus, in practical use, there exists a problem of
trade-off (difficulty for compatibility) between the
luminance and the.contrast. Because of this problem, in
any conventional projection system equipped with such a
known device, there is employed an optical unit where the
F number 'is greater than 3.5 (more specifically, the F
number of the projection lens 5 or that of the
illumination optical unit). That is, in any projection
optical system equipped with the known device, the F
number is not settable to less than 3.5 due to a demand
for practically realizing a high contrast to a certain

degree, hence causing a failure in raising the luminance.

11



having a hi gh response speed, wherein the liquid crystal transmssivity
reaches saturation at a | ow voltage despite a snall ®RRiOskamber 805t he
‘liquid crystal |layer, and the device can be driven with facility on a
driving circuit substrate manufacturable by an ordinary wthstand

vol tage process even in a snall pixel size. The above "inprovenents al so
‘connote a display apparatus, a projection optical systemand a projection
di splay system using such a reflex liquid crystal display device o f the

i nvention. A second object of the present invention resides in providing a
projection optical_ systemand_a projection_display systemwhere a

sufficiently | ow bltacks | everetare def HefhiapIret i ot ablee tPxRsent t he above
acconpl i shment = even in a high-1um nance optical unit having a small F
number, henéBVaBhELeni hg RrpVacei éRPF9VARGNtEohlr asvettisallymadigngdt he
requirements for both a higher l|um nance and a higher contrast in
conpari son witihitdhosgsthlandyspéepveavioaavhight én) rep2e2@nbDedebnpea 2005
DI SCLOSURE OF | NVENTI ON According to a first aspect of the invention, there
is providededlerfliéguidqurgsteystabpilagptiayidevofethanpnirehtifjon first
substrate with a light transm ssive el ectrode, a second substrate wth a
| i ght refl enbivvegeherighdeespbtisa kpyed, ofhyeeihcahkyiiquid crystal
transmissivity reaches saturation at a low voltage
despite a small thickness of the liguid crystal layver,
and the device can be driven with facility on a driving
circuit substrate manufacturable by an ordinary withstand
voltage process even in a small pixel size. The above
improvements also connote a display apparatus, a
projection optical system and a projection display system
using such a reflex liquid crystal display device of the
invention.

A second object of the present invention resides in
providing a projection optical system and a projection
display system where a sufficiently low black level can
be maintained in addition to the above accomplishment
even in a high-luminance optical unit having a small F
number, hence achieving a practically high contrast (i.e.,
meeting the requirements for both a higher luminance and

a higher contrast in comparison with those of any

conventional system).

12



aligned liquid crystal material interposed between said first and second
substrates positioned opposite to each other in a stat4? Dagember 245d | i ght
transm ssive electrode and said |ight reflective electrode are opposed
mutual Iy, wherein the thickness of said vertically-aligned liquid crystal
| ayer is less than 2 pm and the refractive index anisotropy an of said

liquid cr g J%#% npre than 0.1. Here, the definition of "light
reflecti \Pﬁg f‘i T g)fgj%ﬁ:%% es an electrode being reflective itself to
light, an electrode having a light reflective |ayer thereon, and al so an
el ectrode whic ‘fﬁﬁfdﬁé‘gt rté’ns?n §§F\?E iAPECE 1 | Fight 1BUEDH® antheFfdet S oat
filmon condition that ? reflectivity is effected in the interface
bet ween PRV &&él%d e ducFeEEaht CESIAY ERBAEE nEREISHNghe BiEgent
invention relates also to a display apparatus equipped with the reflex
liquid cPyettaatdi spithy 2 dédghtetornimiesingerlicohrodmd 4 upedrad tsyibgtrate
projection optical system where the reflex liquid crystal display device
i's disposEehia itightopre¢laictpaeh elantdradgr ojaadt ionldivspl af systtderlising
such an optical system 13 22 Decenber 2005 According to enbodi ments of
t he presehignedydntguad, cakvsbougmtarielventiecpddod didigred Ishgdi dicsysimd
| ayer is less than 2 pnmt in thickness, the value Ln of the
verti cal $gecld gngdstragesd posysiabed mapessiade | so adpust edhto be norectitan 0.1
differently fromthe conventional recognition, so that the transm ssivity
of the lultatied said light transmissive electrode and said light reflective
electrode are opposed mutually, wherein the thickness of said
verticaily—aligned liquid crystal layer is less than 2 pm, and the
refractive index anisotropy An of said liquid crystal material is
more than 0.1.

Here, the definition of "“light reflective electrode"”
signifies an electrode being reflective itself to 1light, an
electrode having a 1light reflective layer thereon, and also an
electrode which may be transmissive itself to light but has an
underceat film on condition that light reflectivity is effected in
the interface between the electrode and the undercoat f£ilm.

Embodiments of the present invention relates also to a
display apparatus equipped with the reflex liquid crystal display
device of the invention, and further to a projection optical system
where the reflex liquid crystal display device is disposed in its

optical path, and a projection display system using such an optical

system.
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crystal reaches its saturation with facility at- a voltage |lower than 5 --
6V, hence enabling satisfactory driving at a practicalPpecembenfl0bage and
much enhancing the transmssivity itself. Consequently, it becones

possi ble to achieve inprovenents in the reflex vertically-aligned liquid
crystal display device having a sufficient transm ssivity and superi or
driving characteristic with |owvoltage driving (low required wthstand
vol tage) while RSTUHGI onpuprdaessnselspedPrestdtaleBernian disdphaysh
apparatus, a projection optical systemand a projection display system
usi ng stibk ivepkoveld wtiad ptagd dbidwiesl cHystpémirkabl &s adssnt Hgggoud funtt i ons
and effects nentioned above are obtainable due particularly to the

sel ecti vehiskn@ds,a, theverdlivealdry -af | gnedvéd tftad 1¢FyBidledmatiefiial drgytay a
value An of nmore than 0.1. In case the liquid crystal layer is reduced in

thi cknesgatbpi4€S$st haRude&n £0r Rl tad A Nghah hooh LeePORSH 15Peethn | £nd he
directional change of the director is to be affected by the  interaction

bet ween ientati i{.m and _th | CL . ec .. the .
i dent CPrgRre Rl S8kl Dk Poab e S s TR0 it ea
since nn is greater than 0.1, in the liquid crystal in conpliance with the
appl i ed §6V?g%% PRt U | SAHGSEOF e HdyD 5@55}%ﬁ¥oﬁtoﬁ YRETPBT arPYel
light, whereby the desired transmissivity can be obtained even at a | ow
vol t age. tEﬁﬁoéi mefi¥s BenGheengPeseat sphiaimatenyalsdviprovitdes rraghiepbEY i on
optical systemwhere the reflex liquid crystal display

low wvoltage and much enhancing the transmissivity itself.

Consequently, it becomes possible to achieve improvements in the
reflex wvertically-aligned liquid crystal display device having a
sufficient transmissivity and superior driving characteristic with
low-voltage driving {(low required withstand voltage) while holding
a high response speed, and also in a display apparatus, a
projection optical system and a projection display system using
such improved display device.
The remarkable advantageous functions and effects mentioned
above are obtainable due particularly to the selective use of a
vertically-aligned liquid crystal material having a value An of more
than 0.1. In case the liquid crystal layer is reduced in thickness
to rless than 2 pm for attaining a high response speed, if the
directional change of the director 1is to be affected by the
interaction between the orientation film and the 1liquid crystal

molecules, the incident light is prone to be polarized and
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device of the invention and an optical unit having an F nunber of |ess
than 3 are disposed in its optical path, and further E2decdmber2005r 0] ecti on
di spl ay system using such an optical system According to the enbodi nents,
a bl ack | evel supposed to be proportional to the square of the thickness

of the liquid crystal | ayer can be kept |ow as the thickness of the
vertlcall%? liquidcrystal |ayer is set,to less than 2 pm_and
t her ef o€ 4 At %]d]ﬁteré)é’t iGarfi58trEaF PR d0 elrenth ftihel FYGmsE¥sbel t He

opti cal unlt is less than 3, and c}/et a high Ium nance is al so attai nable
with sucR™RII&HeE | VEtRunihs: . aRRlke th@lbi"%‘? edPi ofiVOPtITAl affP i spPAYY
systens, each of which is 15 22 Decenber 2005 equi pped with the reflex
Iiquid GeparaFicevi @6 ofththe HCAFERERSNn dri@MEn optheaPYuni thehavidegiaed F
nunber under 3, satisfy the requirenents for a higher contrast and a
hi gher Itﬁﬁpﬁlawwlwcémdfrﬁ shtawnedh avrrsetot kmy vodsagent i onal system using
t he known device and optical unit. The F nunber of the optical unit is
control | abl e byEmbeHénéwioal ofi sttircepandeso fiovehtdbna dbsrs usedither ein.
BRI EF DESCRI PTI ON OF DRAWNGS Fig. | graphically shows V-T curves obtained
" by chamgfiaigcthenr eptacli veystrete whames aheopyfPex of i quidsestyistalll Wiablgned
liquid crystal material in areflex 1liquid crystal display device (where
t he thi ckness dfoftha ihveptibrerayst aln logyetal suZitUgving an F number of

less than 3 are disposed in its optical path, and further provides

a projection display system using such an optical system.

According to the embodiments, a black level supposed to be

proportional to the square of the thickness of the liquid crystal

layer can be kept low as the thickness of the vertically-aligned

liquid crystal layer is set to less than 2 pm, and therefore a high

contrast can be realized even if the F number of the optical unit is

less than 3, and yet a high luminance is also attainable with such a

small F number. Thus, the projection optical and display systems,

each of which is
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Fig. 2 graphically shows V-T curves obtained by changing the refractive
i ndex anisotropy An of a vertically-aligned |iquid cr22dbedemivet 20052l in a
‘reflex liquid crystal display device (where the thickness d of a |iquid-
crystal layer is 1. 5 g m Fig. 3 graphically shows V-T curves obtai ned by
changing the refractive index ani sotropy An of a vertically-aligned |iquid
crystal material in areflex liquid crystal display device (where the
thickness d of a liquid crystal layer is 1 gm; 1.6 22 Decenber 2005 Fig.
4 graphically shows the response speeds of a reflex vertically-aligned
liquid crystal display device (where sanples being 3 gmand 3.5 gmthick
i ndi cate ~v8FRUEBPSE Whbshinthevireédpx tiguid rgvstedbfevefedafathepresenting
the saturation voltage, transmssivity and response speed of each sanple
obt ai ned i nlrEpation evdti Ae PREérAésyndt hpw¥fingcehvE hnubgrannderrdpy An
and permttivity anisotropy AE of a vertically-aligned l'iquid crystal
mat eri al i nsatis€yl kel rgubdremgstal fdispl hyglevi centEagt &ndraphical ly
shows conparative changes of the saturation voltage with the refractive
i ndex ani sohigpgrAhundfiahbe s$anechpguidonrysthl thoseebatannp to the
thickness d of the liquid crystal |ayer;

conventional system using the known device and optical

unit. The F number of the optical unit is controllable by

the focal distance and so fdrth of a lens used therein.

BRIEF DESCRIPTION OF DRAWINGS

Fig. 1 graphically shows V-~T curves obtained by
changing the refractive index anisotropy An of a
vertically—-aligned liquid crystal material in a reflex
liguid crystal display device {(where the thickness d of a
liquid crystal layer is 2 pm);

Fig. 2 graphically shows V-T curves obtained by
changing the refractive index anisotropy An of a
vertically-aligned liquid crystal material in a reflex
liquid crystal display device (Whefe the thickness d of a
liquid cfystal layer is 1.5 um);

Fig. 3 graphically shows V-T curves obtained by
changing the refractive index anisotropy An of a
vertically-aligned liquid crystal material in a reflex

liquid crystal display device (where the thickness d of a

liquid crystal layer is 1 pm);
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Fig. 7 graphically shows V-T curves obtained when the thickness of the
same liquid crystal layer is 3.5 gm and the refracti\22 Devgabeapdlsot r opy An
‘of the liquid crystal is 0.13; Fig. 8 graphically shows the dependency of -
the black-state transmssivity on the thickness of the sane Iliquid '
crystal layer (in conmparison with the black-state value as 100% of a
liquid crystal layer being 3.5 gm thick in a known device); Fig. 9
graphically shows the black | evel changes 17 22 Decenber 2005 caused in the
reflex vertically-aligned liquid crystal device of the present invention -
in conmparison with the, black |evel changes relative to the F nunber of a
nmeasuring optical ¥H¥t % nd¥dRhiedhhY deewe; the greapogsapspeeds yoEHws t he
| um nance changes caused in the sane liquid crystal device relative to the
F nunber; Frgflex versisshdwmrilégsedt Lomilidviewsthlt Héspétledevice
vertically-aligned liquid crystal display device of the present invention;
Fig. 12 is dwheeti samplesebedhgpBi pai pald Bord ipons theakaiddivheg circuit
substrate of silicon in the display device of the invention; Fig. 13 is an
equi val ent eailoast odi agoam detrhcehe;
Fig. 5 is a table of data representing the
saturation voltage, transmissivity and response speed of

each sample obtained in relation to the thickness d,
refractive index anisotropy An and permittivity ahisotropy
Ae of a vertically-aligned liguid crystal material in a
reflex liquid crystal display device; |

Fig. 6 graphically shows comparative changes of the

- saturation voltage with the refractive index anisotropy An
of the same liquid crystal in relation toc the thickness d
of the liquid crystal laver;

Fig. 7 graphically shows V-T curves obtained when
the thickness of the samé liquid crystal layer is 3.5 um
and the refractive index anisotropy An of the liq@id
crystal is 0.13;

Fig. 8 graphically shows the dependency of the
black-state transmissivity on the thickness of the same
liquid crystal layer (in comparison with the black—state
value as 100% of a liquid crystal layer being 3.5 um
thick in a known device):;

Fig. 9 graphically shows the black level changes
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| ayout of the display device of the invention; Fig. 14 graphically shows. a
V-T curve of the known device (where the thickness of2iDesehbenddscryst al
“layer is approximately 3 um ; Fig. 15 graphically shows V-T. curves
obt ai ned while reducing the thickness of the liquid crystal layer in the
known device (where An = 0.082); Fig. 16 graphically shows the changes
caused.in the saturation voltage in accordance with the thickness of the
sanme liquid crystal l|ayer; and 18 22 Decenber 2005 Fig. 17 is a schematic

di agram of a projection optical systemusing the known reflex liquid .
crystal display device. BEST MODE FOR CARRYI NG QUT THE I NVENTION In the
reflex |iquicausegstial tiespedyedeviersichliyealpyesdniiignidnticgatatihe

t hi ckness of the vertically- aligned liquid crystal |ayer needs to be equal
to or | ess deNane2ofnther paebeeti ngveheéibnndhi aoapaef seat winknthened above.
It is nore preferred that the thickness be in-a range of 0.8 to 2 u m and
further in bleakgteobl d¢hhng2sureillatidkthoughet FenumBpENse speed is raised

with a reduction of the layer thickness, the lower limt of the thickness
~is preferabhgaBu8ing ophtlcADr anpeefiar ahky koW HBviegard

Fig. 10 graphically shows the luminance changes
caused in the same liquid cfystal device relative to the
F number;

Eig. 11 is a schematic sectional view of the reflex
vertically-aligned liquid crystal display device of the
présent invention; | |

Fig. 12 is a sectional view of principal portions
on a driving circuit substrate of silicon in the display
device of the invention; |

Fig. 13 is an equivalent circuit diagram with the
layout of the display device of the invention;

‘Fig. 14 graphicaliy shows a V-T curve of the known
device (where thé thickness of its liquid crystal layer
is approximately 3 um);

Fig. 15 graphically shows V-T curves obtained while
reducing the thickness of the liquid crystal léyer in the
known deﬁice (where An = 0.082); |

Fig. 16 graphically shows the changes caused in the

saturation voltage in accordance with the thickness of

the same liquid crystal layer; and
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to suppression of the interaction to the orientation film and also in
regard to controllability of the layer thickness. WiZ2ddchmbeh2tOkness of
“the liquid crystal layer may be small, An needs to be greater than .0.1 in
order to enhance the polarized Iight separation, but an excessive increase
of An is not exactly efficient for enhancing the effect or is not practical
either. Therefore, An may preferably be less than 0.25. In a preferred
structure, a liquid crystal orientation filmis fornmed on the opposed face
of a 19 22 Decenber 2005 transparent electrode of ITO (indiumtin oxide) or
the like as the aforenentioned |ight transm ssive electrode and also on

t he opposed face ofighelTiimtarathenziie didgranr cdf afpedimenionor the-
like, and the light reflective electrode is connected to a single crystal
sem conduct optdeceli agstemcustngf thiel keownorefhex| Lkquidr aviydedlon t he

af orenenti oned second substrate, thereby constituting an active driving
type. If a dikplag devtéoet substrate of silicon is enployed as the second
substrate, the substrate itself is opaque and adapted for reflex type.
Moreover, a MOS (netal oxide sem conductor)- transistor as a driving

el ement and an auxiliary capacity .for voltage supply are suited for

hi gh- densi t gesirnyiggEakbRNCARRRINEdOWt by BirprkeIeRttern by the

In the reflex liquid crystal display device of the
present invention, the thickness of the vertically—_-
aligned liquid crystal layer needs to be equal to or less
than 2 um.fér achieving the functionél effects'mentioned
above. It is more preferredrthat thé thickness be in a
range of 0.8 to 2 ugm, and further in a range of 1 to 2 u
m. Although the response speed is raised with a reduction
of the layer thickness, the lower limit of the thickness.
is preferably 0.8 pm, and more preferably 1 pgm in regard
to suppression of the interaction to the orientation film
and also in fegard to coﬁtrollability of the layer
thickness. While the thickness of the liquid crystal
layer may be small, An needs to be greater than 0.1 in
order to enhance the polarized light separation, but an
excessive increase of An is not exactly efficient for
enhancing the effect or is not practical either.
lTherefore, An may preferably be less than 0.25.

In a preferred structure, a liquid crystal

orientation film is formed on the opposed face of a
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- sem conductor processing technol ogy, so that it becones possible to
realize a high aperture rate, a high resolution due 128 Deotabers?@®0t of a
“pi xel density,. reduction of a cell size, and enhancenent of a carrier
~transfer rate. Actually, the driving circuit conprises a driving
transistor such as MOSFET (netal oxide sem conductor field effect
transi stor) provided for each pixel on the silicon substrate, and the
light reflective electrode is connected to the output side of the driving
transi stor. 20 22 Decenber 2005 The pixel size can be reduced to equal to-
or less than 10 gmdu e to the use of a |l ow withstand voltage transistor
~which is drivaBepagens pdecisprdagef AR tRadivguitdn exydeal odi tpeay device
is also reducible in size to equal to or less than 2 inches diagonally.
orientationléknt rel tbe afferemeniianeyd digbAt dredsmlisgiived etegsrabematerial |
may preferably be perfornmed by neans of a liquid crystal orientation film
conposed of and silbbcon tkedepppbed Bach efi @heedtighiopeflbatias be forned
by vacuum evaporation or the like with directivity .(i.e., capable of
easi |y contebkttpgdehefprttumtinuangkethé 1Lhikgyi dnar yataligrtecules). In a
di spl ay apparatus equi pped with the reflex [liquid crystal display device
-of the preseaflepy¥epti Blectrode is connected to a single crystal
semiconductor driving circuit of silicon or the like
provided on the aforementioned second substrate, theréby
constituting an active driving type. If a driving circuit
substrate of silicon is employed as the second substraté,
"the substrate itself is opaque and adapted for refléx
type. Moreover, a MOS (metal oxide semiconductor)
transistor as a driving element and an auxiliary capacity
for voltage supply are suited for high-density
integration attained with a minute pattern by the
semiconductor processing technology, so that it becomes
possible to realize a high aperture rate, a high
resolution due to enhancement of a pixel density,
reduction of a cell size, and enhancement of a carrier
transfer rate.

Actually, the driving circuit comprises a driving
transistor such as MOSFET (metal oxide semiconductor
field effect transistor) provided for each pixel on the

silicon substrate, and the light reflective electrode is

connected to the output side of the driving transistor.
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and al so in projection optical and display systenms where such |iquid
crystal display device is disposed in the optical pahOcembef2006urt her
‘with an optical unit having an F nunber under 3), a |light source and an -
optical unit for enabling incidence of the light fromthe |ight source
onto the reflex liquid crystal display device may preferably be di sposed
in the optical path together with the reflex liquid crystal display device
and another optical unit for introducing the reflected Iight fromthe
reflex liquid crystal display device. 21 22 Decenber 2005 In this case, it
is preferred that the light emtted fromthe |ight source is incident upon
the refl ex Thegpigetryseal cansheayedugedetyi adaapotarozetésonleatetd and a
pol ari zed beam splitter, and the reflected light fromthe reflex liquid
crystal di splmyhuteicecies udantaddudceasy wiatHdteampd|wolizesfk baamspltidit er agai n
or is introduced further via a projection lens to a screen. It is also
preferred twatchhesréfiexbléqut daclystabl thspl ahrdevine lanfiitde pol ari zed
beam splitter are disposed for each of colors, and the reflected |ight

component s ¢rpgtahedisdlyy daelicel lexals@uirddagrysial indisps ayo deyhges are
synt hesi zed or are introduced further to the projection |ens. re

cpnc[ﬁtely,t@m5felégghgha§nitiﬁ@hé§0@1§g@@£1§y[ight source is introduced
Vi a e

Orientation control of the ﬁertically orientated
liquid crystal material may preferably bé performed by
means of a liquid crystal orientation film composed of a
silicon oxide film. Such an orientation film can be
formed by vacuum evaporation or the like with directivity
{i.e., capable of easily controlling the pretilt angle of
liquid crystal molecules).

In a display apparatus equipped with the reflex
liquid crystal display device of the present invention
and also in projection optical and display systems where
such liquid crystal-dispiay device is disposed in the
optical path thereof (further with an optical unit haviné_
an F number under 3), a light source and an optical unit

: for enabling incidence of the light from the light source
onto the reflex liquid crystal display device may
preferably be disposed in the optical path together with
the reflex liquid crystal display device and another

optical unit for introducing the reflected light from the

refiex liquid crystal display device.
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polarizer/converter to a dichroic color separating filter, which then
separates the light into respective |ight conponents 2afDeachmben2i0si dual
col ors. Subsequently, the |[|ight conponents are incident upon the reflex
~liquid crystal display devices respectively via the polarized beam
splitter, and the reflected |light conponents therefromare synthesized by
nmeans of a prism Here, the F nunber of the optical unit used in
conbi nation with the reflex liquid crystal display device of the invention
needs to be a small value of less than 3 22 22 Decenber 2005 for attaining
conpatibility of a hi%P contrast and a high [|um nance. Preferably,
however, the F nurigerthiiss disigedit tiss IRrefrryast hatarcse OLight not | ess than
1.5 (further not less than 2.0) in order to enhance the effect. Now a
preferred eabdttegnfraf the pigbensoiheenisoincilénhtbepdesthebedfbaekow in
detail with reference to the acconpanying drawings. First, Fig. 11 shows
t he fundanehighidontygushtdbsplaly detviqeidigryspalaelieetyoenopttenl device
constituting a display apparatus which is represented by the preferred
enbodi ment . afdli § Pevictzedechubngspsivteef | exdl thei deelyatall 19ynpl ay device
23 conprises a silicon driving circuit substrate 31 conposed of single
crystal of $tbhCEReOFerid® liquid crystal display device is

introduced via the polarized beam splitter again or is

introduced further via a projection lens to a screen.

It is also preferred that the reflek'liquid crystal

display device and the polarized beam splitter are

disposed for each of colors, and the reflected light

components from the individual reflex liquid crystal

display devices are synthesized or are introduced further

to the projection lens. Mofe concretely, white light

emitted from a white light source is introduced via the

polarizer/converter to a dichroic color separating filter,

which then separates the light into respective light

components of the individual colors. Subsequently, the

light componehts are ilncident upon the reflex liquid

crystal display devices respectively wia the polarized

- beam splitter, and the reflected light components
therefrom are synthesized by means of a prism.
Here, the F number of the optical unit used in

combination with the reflex ligquid crystal display device

of the invention needs to be a small value of less than 3
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| i ket and having a light reflective electrode 30 of a pixel. structure, and

a transparent substrate 33 of glass or the |ike havi 28 Recembhersii¥ent
‘el ectrode 32 and positioned opposite to the substrate 31, wherein a

vertically-aligned liquid crystal 36 is seal ed between the two substrates
(actually between liquid crystal orientation filns 34 and 35). As shown in
Fig. 12, a reflective electrode substrate serving as the driving circuit
substrate is such that a driving circuit conprising CMOS and n-channel
MOS transistors Tr and 23 22 Decenber 2005 capacitors Cis forned on a
single crystal silicon substrate 37, and a |light reflective electrode 30
of a - pi xel fofr a¢taiaing rompedibAdidynoki @hhighercantiash ehd al baighum _
silver or the like. In case the light reflective electrode is conposed of.
metal such dsmialangienunfréfefaiplyi onsweagebpt bha Fighnberfiscdésngréd! m and
an electrode to apply a voltage to the liquid crystal. For the purpose of
further rai sonpet hetl mght ththeltOviehy, noa [ieghbt thehl acti (Eukayer with a
multi-layer filmsuch as :a dielectric mrror may also be forned on the
al um num ehec¢t nede. thanFRgo) 12n bhdekr @Bseshahcdr thenprirses,. for exanpl e,
an n-type source region 38, a drain region 39, a gate insulating film 40
and a gate el ectrofewdd, p¥EELEE] embodiment of the present invention

will be described below in detail with reference to the

accompanying drawings.

First, Fig. 11 shows the fundamental configuration

of a liquid crystal electro-optical device constituting a

display apparatus which is represented by the preferred

embodiment.

This device serxrving as a reflex liquid crystal

display device 23 comprises a silicon driving circuit

substrate 31 composed of single crystal of silicon or the

like and having a light reflective electrode 30 of a

pixel structure, and a transparent substrate 33 of glass

or the like having a transparent electrode 32 and

positioned opposite to the substrate 31, wherein a

vertically-aligned liquid crystal 36 is sealed between

the two substrates (actually between liquid crystal

orientation films 34 and 35). As shown in Fig. 12, a

reflective electrode substrate serving as the driving

circuit substrate is such that a driving circuit

comprising CMOS and n-channel MOS transistors Tr and
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el ectrodes 42 and 43 are led out fromthe active regions respectively. In
this structure, the electrode 43 is connected via anZ22ieeembay2i05 '
‘insulating film47 to a capacitor electrode 46 which is in contact with an
insulating film(dielectric filnm 45 on an n-type region 44 constituting a
capacitor C. The electrode 43 is connected also to a wire 50 via
inter-layer insulating films 48, 49 and further to the |light reflective
el ectrode 30. In this device, the s-polarized incident |ight 10(s) shown
in Fig. 17 is converted in accordance 24 22 Decenber 2005 with the applied
voltage in the layer of the vertically- aligned liquid crystal 36, whereby
refl ected | Fghecitepyp Ci a6l farmgdponpal aingee Icirgstalssébiapned, and then
~the light 10(p) is introduced to the aforenentioned pol arized beam
splitter 2.svhstheteeBllexahidqai dighystafldicspivay edecicredef 30hef present
i nvention, the layer thickness d (cell gap) of the vertically-aligned
i quid cryspaked6bsicsusttireoibeformgqdathtoecon Wwdth thastalufilandft he
refractive index anisotropy An of the vertically-aligned liquid crystal 36
enpl oyed hergumsnom; estihasrOct. theglikd.shDnscasé unidanengal | ayout of the
display device and an equivalent circuit of its pixel portion. The
silicon driykfgeeticli b18Bbsbaat €s3¢oRPABEHSEE Retal such as

aluminum, it functions as both a light reflecting film

and an electrode to apply a voltage to the liquid crystal.

For the purpose of further raising the light reflectivity,

‘a light reflective layer with a multi-layer film such as

a dielectric mirror mey also be formed on the alumihum

electrode. -

In Fig. 12, the transistor Tr comprises, for

example, an n-type source region 38, a drain region 39, a

gate insulating film 40 and a gate electrode 41, wherein

electrodes 42 and 43 are led out from the active regions

respectively. In thie structure, the electrode 43 is

connected via an inter-layer insulating film 47 to a

capacitor electrode 46 which is in contact with an

insulating film (dieleetric film) 45 on an n-type region

44 constituting a capacitor C. The electrode 43 is

‘connected also to a wire 50 via inter-layer insulating

films 48, 49 and further to the light reflective

electrode 30. In this device, the s-polarized incident

light 10(s) shown in Fig. 17 is converted in accordance
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pi xel driving circuit forned in each pixel, and a logic. driver circuit
(data driver, scanning driver and so forth) incorpor228&dcémbert290peri phery
-of a display area.. The pixel driving circuit fornmed under each |ight
reflective (pixel) electrode 30 consists of a switching transistor Tr and
an auxiliary capacitance C for supplying a voltage to the
vertically-aligned liquid crystal 36. The transistor Tr is required to

wi thstand a predeterm ned voltage corresponding to the driving voltage
for the vertically-aligned liquid. crystal, and it 25 22 Decenber 2005 is
produced normal Iy by a higher wthstand voltage process as conpared with

t he | ogi c. Siitbe thite appdAsdsvor tagiez d nhébendgvgireafethsi Merdicieddyof the

wi t hstand voltage, wusually a transistor having a withstand voltage of 8 to
12V or so isligeed aigiiéd oiyshelpSéduehiesebyosefirdteke 1igbwed 0 (p)
consunption. Therefore, it is desired to design that the liquid crystal
driving vol tagéudingep-pwollhirid zed. 1 iGhits isegbitadémed, emd heenethaccording to
the present invention. In the vertically-aligned liquid crystal 36 used in-

this displayidevi ce(ppach makeedueeids t80 thel afibedmbhal onklde pFRp@f zaxi S
thereof is rendered substantially vertical to the substrate when no
voltage is gpRhi egdiiapdrupon application of a voltage, the major axis is
inclined to :
In the reflex liquid crystal display device of the-
present invention, the iayer thickness d (cell gap) of
the vertically-aligned liquid erystal 36 is set to be"

equal to or less than 2 um, and the refractive index
anisotropy An of the vertically-aligned liquid crystal 36
emnployed here is more than 0.1.

Fig. 13'show$ a fundamental layout of the display
device and an equivalent circuit of its pixel portion.
.The silicon driving circuit substrate 31 comprises a
pixel driving circuit formed in each‘pixél, and a logic
driver circuit (data driﬁer, scanning driver and so
forth) incorporated in the periphery of a display area..
The pixel driving circuit formed under each light
.reflective {(pixel) electrode 30 consists of a swiﬁching
transistor Tr and an auxiliary'capacitance C for
supplying a voltage to the vertically-aligned liquid
crystal 36. The transistor Tr is required to withstand a
predetermined voltage corresponding to the driving

voltage for the vertically-aligned liquid crystal, and it
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the in-plane direction to thereby change the transmssivity. If the
dnclinations of the liquid crystal nolecul es are not 22 Decsabar 2005
~directionally when the liquid crystal is driven, there occurs sone
non-uniformty in brightness and darkness. In order to avoid such a

di sadvantage, it is necessary to vertically orient the |liquid crystal by
previously giving a slight pretilt angle in a fixed direction (generally in
t he diagonal direction of the device) as shown in Fig. 11. If the pretilt
angle is excessively. large, the 26 22. Decenber 2005 verti cal orientation
characteristic is deteriorated with a rise of the black level to
eventual | y Fdverodyeed coprprastywhy| e bigkeriwhthseand velfsge Therefore,
the pretilt angle is controlled generally within a range of 10-to 70.
Each of thePToeess a3 ysempabedenibli befloabe 34 Sigme 381q S rngister such a
pretiltv angle is conposed of a silicon oxide filmrepresented by Si021
such as an ®bté¢ goecomeapgrastedrf wlith ar rdspolofi Miewiftilsnadd tdilecdqr,mer,
the evaporation angle given at the time of oblique evaporationis in a
range of 45ustalbp*a trmasibidée havihe alwitiestandevpleigecangl & t6
controlled within a range of to 7' by changing the rubbing condition. In
the known dexvcer ddieishiskfiess diel dhetherprsahdyichi gned hhguiwk crystal

| ayer in the device
power consumption. Therefore, it is desired to design
that the liguid crystal driving voltage is set witﬁin 16V.
This requirement can be met according td the present
invention.

In the ﬁerticallynaligned_liquid crystal 36 used in
this display device, each molecule is so oriented that
the major axis thereof is rendered substantially vertical
to the substrate when no voltage is applied, and upon
application of a Voltage, the major axis is inclined to
the in-plane direction td thereby change the
transmissivity. If the inclinations of the liquid crystal
molecules are not the same directionally wheh the ligquid _
crystal is driven,.there occurs some non-uniformity in
brightness and darkness. In order to avoid such a
disadvantage, it is necessary to vertically orient the
licquid crystal by previously giving a slight pretilt
angle in a fixed direction (generally in the diagonal
direction of the device) as shown in Fig. 11.

If the pretilt angle is excessively large, the
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structure of Fig. 11 is approximately 3 to 4 gm and there is used a
selected liquid crystal material where the refractiveZilDedemben?(ddtr opy An
‘is less than 0.1 (typically 0.08 or so) . However, if the thickness d of -
the liquid cry stal layer in the known device is reduced to less than 2.5
gm the response speed is rendered higher but the driving voltage is

rai sed as described above, so that the requirenents for practical use fai
to be‘satisfied. The nmechani sm of this phenonenon that the driving

vol -tage is raised with reduction of the thickness 27 22 Decenber 2005 of
the liquid crystal layer is not exactly definite, but it~is considered to
be derived Vesiwicedt onikntatiha phekacpesistiy éf deseriiquatedr yital
appears principally wwth an increase of the |ayer thickness, the influence
‘of the interadsieorfothehbliankelbaed beot woentuhdlgr ileweatithe film and the
liquid crystal is not negligible (i.e., the interaction is supposedly so
exerted as nonttrasitnehine aflieckigui dher ystrakurekecutrksyefdte hehsesul t of
repeating many experinents in order to overcone the problens nentioned

above, the pirat@ntomngas fisusdnthal lbhe gphebheny wamnbe aowﬁgeb&sf
selectively controlling the refractive index anisotropy An t he

vertical l'y-aPi gaed Li quich csFstiné TRG@IdabryOL AP Sridhede ford- £Fig$ 34 and 2
graphically show V-T curves
and 35 to be given such a pretilt angle is composed of a
silicon oxide film represented by Si0;, such as an oblique
evaporated film, or a polyimide film. In the former, the
evaporation angle given at the time of oblique
evaporation is in a range of 45° to 55°; meanwhile in the
latter, the pretiit angle is controlled within a range of
1° to 7° by changing the rubbing condition.

In the known device, the thickness d of the
vertically—alignéd liguid crystal layer in the device
structure of Fig. 11 is approximately 3 to 4 um, and
there is used a.selected’liquid crystal material where
the refractive index anisotropy An is less than‘O.l
(typically 0.08 or so). However, if the thickness d of
the liquid crystal layer in the known device is reduced
to less than 2.5 pm, the response speed is rendered
higher but the driving voltage is raised as described
above, so that the requirements for praétical use fail to
be satisfied. The mechanism of this phenomenon that the

driving VOltage is raised with reduction of the thickness
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obt.ai ned by changing the anisotropy An of the liquid crystal.under
conditions that the thickness d of the |iquid crystak2Degenbérs2005gm and-
1.5 gm respectively. It is seen fromthese diagrans that, despite .
reduction of the thickness d of the liquid crystal layer to less than 2
gmin particular, the transmssivity is easily saturated at a | ow vol tage
of 4 to 6V or less if the anisotropy An is held over 0.1, whereby _
practical driving is achievable. According to.the present invention, even
in a 28 22 Decenber 2005 display device where the thickness d of its |liquid
crystal. layer is extrenely snmall as 1 gm the transmssivity is saturated
at a | ow drp¥i fhevélitaugd oryséwlodayeri fist hetarksotigpydelnnisehebdtover

0.1, as showmm in Fig. 3. It is also seen that renarkabl e i nprovenents can
be attai nediitnisonpasidenedi th baydewonvedt ifopal thdeyi eribbethet balk

transm ssivity obtained by using the known material conposition is nerely
30% or so. pPepeirtyl afl yhduditroitheryseadf appeekechednkigui dycwyshal

mat erial having a high value of An = 0.13, it is possible .to realize,
even W th aahhiakpeaseobrltpal lapeexenlbeAbssy ethexidrspbayedsyi egeWhi ch

_uses vertically-aligned liquid crystal of silicon and indicates a

sufficient ihtapgBteshvohytMet In8UPeRter pdblbAItRBABAELAELELLE: £iln
and the liquid crystal is not negligible (i.e., the
interaction is supposedly so exerted as not to incline
the liquid crystal molecules).

As the result of repeating many experimeﬁts in
order to overcome the probleﬁs mentioned above, the
inventor has found that the problems can be solved by
selectively controlling the refractive.index anisotropy An
of the vertically-aligned liquid crystal material to more
than 0.1. AFigs. 1l and 2 graphically show V-T curves
obtained by changing the anisotropy An of the ligquid
crystal under conditions‘that the thickness d of the
liquid cfystal layer is 2 pum and 1.5 pm, respectively.
It is seen from these diagrams that, despite reduction of
the thickness d of the liquid crystal layer to less than
2 pm in particular, the transmissivity is easily
‘saturated at a léw voltage of 4 to 6V or less if the
anisotropy An is held over 0.1, whereby practical driving
is ‘achievable.

According to the present invention, even in a
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Fig. 4 graphically shows the response speed (rise tinme + fall tinme) of the
reflex liquid crystal display device according to thezmessher 2005enti on.
“As plotted, the response is nmuch faster in conparison with that in any
conventional device, such as 7 to 9nsec with d = 2 ,um or under severa
nmsec with d = 1.5 gmor less. (However, wth d = 2.5 gm the response
speed is lowered to 13 - 1l4nsec.) In the device with d = 1.5 gmor |ess,
the. fast response is kept under 8msec even in a half tone. This device
is capable of realizing a satisfactory inage 29 22 Decenber 2005 quality
‘even in notion pictures of novies or television pictures where half-tone
di splay is fdispley ldevamsl eynede wiheh thdmknmss 1y divdges . 1ilfugd 5 is a table
showi ng the characteristics of the display device (sanples Nos. 7 15) of

the present cryatent leyeand st kage ol 1goRMANAL iage 1€%20pP! €8 (Ssanpl es Nos. 1 -
6, 16 - 19) Fig. 6 graphically shows changes of a saturation voltage with

An in rel at itoRnismitke vifiyckress thratleda ati QUIduCIiShalng aaiagkn o ew of
the driving characteristic, the transmssivity and the response speed,

sul tabl e valgyes,adapligd char JpRackicegly weei8IReds bobloper, JheshBigkness d

of the liquid crystal layer 1s preferably less than 2 un{ and particularly

(1 Lo 2 gm AR ghiglhe. |10ULd §1Y5! Bbell thatl FefafkibiS RREEGVERLY: AN ' O 1
' can be attained in comparison with any conventional
device where the transmissivity obtained by using the
known material composition is merely 30% or so.
Particularly due to the use of a selected-iiquid crystal'
material having a high valﬁerof An = 0.13, it is poésible
‘to realize, even with a thickness of 1 um, an excellent
reflex display device which uses vertically-aligned
liguid crystal of silicon and indicates a sufficient
transmissivitf with superior driving characteristic.

Fig. 4 graphically shows the response speed (rise
time + fall time) of the‘reflex liquid crystal display
device according to the present invention. As plotted,

the response is much faster in comparison with that in

any conventional device, such as 7 to 9msec with d = 2 um,
or under several msec with d = 1.5 pm or less. fHowever,
with d = 2.5 gm, the response speed is lowered to 13 -

ldmsec.) In the device with d = 1.5 um or less, the fast

response is kept under 8msec even in a half tone. This

device is capable of realizing a satisfactory image -
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preferably An ~ ! 0. .103 further preferably An i ~ 0. 114) wth d 1.5

am An.~_i' 0.106 (more preferably An L 0.11,. further?2fieep@Pan?lPfoan ~: 0.
"114) ; and with d =1 Ym An L: 0. 104 (rnore preferably An ~t 0. 114 °

further preferably An >= 0.12). Fig. 7 graphically shows V-T curves
obt ai ned when the thickness of the liquid crystal layer in the known
device is 3.5 jumby the use of a vertically-aligned Iliquid crystal

‘material having a high refractive index anisotropy An of nore than 0. 1, i
- e., in the case of An '3 0 22 Decenber 2005 0.13 for exanple. As seen.

f th .,the th hol | t d bly | d, .and
s;?U}at:gnghgggaggagﬁgargi %Dgﬁoglﬁg 8#%&;% hmgéng¥in§£§%§l?Vgg However ,

as obvious fromthe afore i_oned Eg g the response speed is in
i nver se proB&FFPEﬁStH FW@W§&35"$OB@ dEBLlaYi Jisnd nesiueRdd ynkrpd onerng

changed in conformty wth the thickness d of the liquid crystal Iayer; SO
that such ¥itBwranryvPeyingl t@geeéxtremely deteriorates the response
speed.. According to the results of actual nmeasurenents, the
bl ack- and- whi t e r eEbdnse spe@dt@bl@rﬁhﬁwd@vlbbelshasaséerl$2¢$ﬁomf 50nsec)
, and in a half tone, the response speed is |lowered to 100nse or so due
to a furthéheddéppéﬁytdeVchvHﬁgmpéhsayes.hénceléausﬁnghenpmbéeat
difficulty for practical use. Thus, in the known .

invention and those of comparative examples (samples Nos.

1 -6, 16 - 19). Fig. 6 graphically shows changes of a

saturation voltage with An in relation to the thickness d

of a liquid crystal layer. In view of the driving

characteristic, the transmissivity and the response speed,

suitable values adapted for practical use are as follows.

The thickness d of the liquid crystal layer is preferably

less than 2 pm, and particularly 1 to 2 um; An of the

liquid crystal with d = 2 pum is preferably An = 0.1 (more

preferably Adn = 0.103, further preferably An = 0.114};

with d = 1.5 pum, An 2 0.106 (more preferably An Z 0.11,

further preferably An = 0.114); and with d = 1 um, An =

0.104 (more preferably An = 0.114, Ffurther preferably An

= 0.12).

Fig. 7 graphically shows V-T curves obtained when
the thickness of the liquid crystal layer7in the known

device is 3.5 um by the use of a vertically-aligned

'liquid crystal material having a high refractive index

anisotropy An of more than 0.1, i.e., in the case of An =
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device, it is necessary to reduce the .value of An under 0.1 in
vi ew of -t he response speed. As descri bed above, the pEZPecembenZfbi on has
“been acconplished by newly finding the requisite value of An of the
liquid crystal material so as to realize an inproved reflex
vertically-aligned liquid crystal device where the thickness d of its
liquid crystal layer is less than.2 gm Therefore, even if the.thickness d
of the liquid crystal layer is less than 2 gm the saturation voltage can
be lowered by selectively adjusting the refractive index 31 22 Decenber
2005 ani sotropy as An ? 0.1, hence enhancing-the response speed as well.
- The table shohd Betoexghpks.t s wdarestoim Ahi=mleeplt hdde ofhshafld
vertically-aligned liquid.crystal naterials (nade by Merck Ltd.,).
Vertical | y-eblgagd isqoodstdysaiblynbhbeerad, Saungl eahoeapien BGanpl e CSanpl e' D
An+0. 082+0. 103+0. 114+0. 13 n(1f)1.5571.5841.5981.62 n (1)1.4751.4811. 4841. 49
A-4.1-0.5-5tBatndd (4t) 3. &4 OB H3v814Yd. 68. H9p 28k mdkxly Bvdescription

will be gi ven on the advant age
However, as obv;ous from the afqrementioned Eg. (1), the
response speed is in inverée proportion to the square of
the driving voltage while being changed in conformity
with the thickness d of the liquid crystal layer, so that
such a low driving voltage extremely deteriorates the -
response spéed, According to the results of actual
measurements, the.black—and—white response speed ofrthis
device is 46émsec (approx. 50msec), and in a half tone,
the response speed is lowered to 100msec or so due to a
further drop of the driving voltage, hence causing
‘manifest difficulty for practical use. Thus, in the known
device, it is necessary to reduce the .wvalue of An ﬁnder
0.1 in view-of--the reSpoﬁse speed.

As described above, the present invention has been
accomplished by newly finding the requisite wvalue of An of
the liquid crystal material so as to realize an improved
reflex vertically-aligned liquid crystal device where the
thickness d of its liguid crystal layer is less than 2 pm.
Therefore, even if the thickness d of the liquid crystal
layer is less than 2 pm, the saturation voltage can be

lowered by selectively adjusting the refractive index

31



~liquid crystal

that the vertically-aligned liquid crystal display device of the invention
is nore effective for an optical unit of a snaller F2hDebember200dnpar ed

“with any known device. First, it has been found that the black |evel in

the device of the invention having a thinner liquid crystal |ayer can be
| oner ed under the black |evel obtained in the known device where the

| ayer has a thickness of 3 to 4 gm In Fig. -8, each 32 22
Decenber 2005 bl ack | evel value (black-state transm ssivity at zero
voltage) in the vertically-aligned liquid crystal display device of the
invention is graphically shown as a function of the thickness of the
liquid crysanfispbsyepy &a Anhd Petpebehve embencahg, thbermapenseal val ues

"obtained wth a layer thickness of 3.5 gmare expressed as 100%- (where

t he absci ssapeegraseneslthe thickness of the liquid crystal |ayer). Wen
the applied voltage is zero, the liquid crystal nolecules are oriented to
be substantially %estiaslle tshdvie salhst red eeplgne veludhadt idp Qrilrel pl e the
incident light is reflected without any change of the polarized state and
then is retunped b8 Ade dncidlancel . pige dedeansof SRy i zed beam
splitter. However, in the actual device, the liquid crystal nolecules are
inclined atmatgrehikt (nagtepandeatr therefore rendered

Vertically—aiigned liquid crystal material

Sample A | Sample B Sanple C Sample D
An +0.082 +0.103 .+o§114 +0.13
n(l) 1.557 1.584 1.598 1.62
n(l) 1.475 1.481 1.484 1.49
Ae ~4.1 0.5 5.3 ~4.3
e () 3.5 4.0 3.9 3.8
e (L) 7.6 9.0 9.2 8.1

ﬁext, a descripti&h will be given on the advantage
that the vertically-aligned ligquid crystal_display device
of the invention is more effective for an optical unit of
~a smaller F number as compared with any known device.
First, it has been found that the black level in
the device of the invention having a thinner liquid
crystal layer can be lowered under the black level

obtained in the known device where the liquid crystal

“layer has a thickness of 3 to 4 um. In Fig. 8, each

32



slightly elliptical, and noreover the |ight separation characteristic of
the polarized beamsplitter is dependent on the |nC|aéﬁb£emmgﬂ290§s
‘nmentioned, whereby the black-state transmissivity is raised to
consequently deteriorate the contrast. Meanwhile in the display device of
the present invention, it has been found that the bl ack-state
transmssivity is lowered with a reduction of the 33 22 Decenber 2005

t hi ckness of the liquid crystal |layer and, as shown in Fig. 8, the black

| evel val ue obtained with a | ayer thickness of 2 um becones 20 - 30% as
‘conpared with the value in the known device, or 10 - 20%w th a |ayer

thi ckness oPleck agpvedr value (bdpmkrrtatpafispnemiceidsévort zegogm (But
when the layer thickness is 2.5 um the black |evel value becones high as
40 - 50% . Red&pgengint thecymritaselirediosedxpiavded caysthd daspbapf white
and black levels, since the white level is kept substantially wunchanged,
the result §hamneiantge 8niveditéated st batphliealdgntshasth astained in the
device of the present invention beconmes higher than five to ten tines or
more w th afuhayéont bifckhesshdatkheSsgmtf aheexdnplie cByshafalhyef .t e bl ack
level value with a reduction of the thickness of the liquid crystal ‘|ayer

I's consideche respechasedmpriencapsl | yhenntiferfiekllowantes obtained
with a layer thickness of 3.5 um are expressed as 100%
(where the abscissa represents the thickness of the
liquid crystal layer}.

When the_applied voltagé is zero, the liquid
cryStal molecules are oriented to be substantially
vertical to the substrate plané, so that in principle the
‘incident light is reflected without any change of the |
polarized state and then is returned to the iﬁcidence
side by means of a polarized beam splitter. However, in
the actual device, the liquid crystal molecules are

- inclined at a pretilt anéle and are therefore rendered
slightly elliptical, and moreover the light separation
characteristic of the polarized beam splitter is

-dependent on the incidence angle as mentioned, whereby
the black-state transmissivity.is raised to consequently_
deteriorate the contrast.

Meanwhile in the display dévice of the present
invention, it has been found that the black-state

transmissivity is lowered with a reduction of the
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reasons. The transmissivity T of the liquid crystal in the device of the
present invention is expressed by Eq. (4). T cc sin 2202démbefZ003r / X)
“(4) In the above, 2. denotes the wavel ength of the |Iight, and Dn(eff)
denotes the effective refractive index anisotropy corresponding to the
inclination angle 6 from the perpendicular direction of liquid crystal

nol ecul es. 34 22 Decenber 2005 This anisotropy is expressed by Eq. (5).
An(ef f) =Vjn(j )2 n HHN (1) - - n(-L) ... (5 . COS2(()) + n(-L)2 - .
sin 2(o)] The inclination angle O of the liquid crystal nolecules is

wi dened with a rise of the liquid crystal driving voltage, and An(eff) is
i ncr eased -c&PAEkpeRai A Fhet héAvid c5Ysipd. dapwd endnsabsspenyin
consequently. It is 'seen that, when O = 90' in principle, An(eff) becones
equal to th&lgal e dheARlefkt heveilqupduer pbtalingst withl 2 1Ayeording to Eq.
(4), the transmssivit T becones 100% when the condition of 2d-An (ef f)
- 7c 7r |2 khiskheski ed. 2Than Beaskndeved val o, as . ompdhed twialls nigsi vity -
in a black state, becones zero if the liquid crystal nolecules are

ori ented cormpleteliy vhRet kaalhydasite)® srO)lo0, - 20%t WathAa( @hfpr= 0.
Actual 'y, however, the liquid crystal nolecules are oriented with a

pretilt angkgiBkndss of 1.5 um, or 5 -~ 15% with a layer thickness of

1.0 gm. (But when the layer thickness is 2.5 um, the
“black level value becomes high as 40 - 50%). Regarding

the contrast which is expressed by the ratio of white and
black levels, since the white level is kept substantially
unchanged, the result shown in Fig. 8 indicates thaf the
contrast attained in the device of the present invention
becomes higher than five to ten times or more with a
layer thickness of 1.5 um for example.

Such fall of the black level value With a reduction
of the thickness of the iiquid crystal layer is
considered to be based pfincipally on the following
reasons. The transmissivity T of the liquid crystal in
the device of the present‘invehtion is expressed by Eq.
(4). |

T « sin® (2d*An{eff) xn /1) e (4)

In the above, A denotes the wavelength of the
light, and An{eff) denotes the effective refractive index
anisotropy corresponding to the inclination angle 6 from

the perpendicular direction of liquid crystal molecules.
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to.7'

consequently give the black-state transm 3sivity. AsZ22iiecemben20dbat
transmssivity is raised with an increase of the pretilt angle, it
preferred that the pretilt angle be controlled to less than 5 . Since
2d-An (ef f) - ;r /;L has a small value at the black level, Eq. (4)
rewitten approximately as 35 22 Decenber 2005 T cc sin2 (2dAn(eff)ic/2:) =
(2dOn(eff)iz2. Therefore, T is theoretically considered to be
proportional to the square of the thickness d of the Iliquid crystal
The data of Fig. 8 obtained from the actual neasurenent can be expl
subst ant i al Frifnanasebrdaviceswexprehpedr bvaBaen{5Thus, the thickness d of
the liquid crystal layer in this device. is so designed as to be |less than

2 Uum

and therefore the black |l evel can be suppressed |ow essenti

conpari son the known device where the layer thickness is 3 to 4 gm
realizing a high contrast. If t} ) er of the optical unit is
decreased i n Anled Ik rowg=cews ———-——~-—’-’-——=---=-——: + aikled to.evehblual ly

fail in ensuring a de
set the F nunber forcedly to nore than 3.5,

in the device of & inclination angle # of the liguid crystal

'ﬂédigonkﬁééﬁ);aﬁ@the$bm%@% it is unavoi dabl

molecules is widened with a rise of the liquid crystal

‘drivinq vbltage, and An(eff) is increased correspondingly

thereto to raise the transmissivity consequently. It is
seen that, when 0 = 90° in principle, An(eff) becomes

equal to the value of An of the liquid crystal material.

According to Eq. (4), the transmissivity T becomes 100%

when the condition of 2d-An(eff)'=mn/A = n/2 is satisfied.

The black level value, i.e., the transmissivity in

a black state, becomes zero if the liquid crystal

as nentioned, whereby the value of An(eff) is rendered finite to

e
is

may be

| ayer.
ai ned

ally in
hence

eto

as al ready described. However,

molecules are oriented completely vertically as (8 = 0),

so that An{eff) = 0. Actually, however, the liquid
crystal molecules are oriented with a pretilt angle of 1
to 7° as mentioned, whereby the value of Anf{eff) is
rendered finite to comsequently give the black-state
transmissivity. As the black-state transmissivity is
raised with an increase of the pretilt angle, it is
preferred that the pretilt angle be controlled to less
than 5°. Siﬁce 2d-An(eff) m/A has a small value at the

black level, Eq. (4) may be rewritten approximately as
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present invention, the black level in the device itself is held extrenely
| ow as explained, so that a sufficiently high contrasi Repentber 2005ur ed even
in the optical unit having a snmall F nunber. Fig. 9 graphically shows
changes caused in the black-state transm ssivity by changing the F nunber
of the projection lens 5 in Fig. 17 and that of the 36 22 Decenber 2005 _
measuring optical unit corresponding to the illumnation optical unit. The
bl ack level rises with a decrease of "the F nunber, but in the device of
the present invention, the black |evel is kept |lower than in the known
device at any F nunber, whereby a sufficiently high contrast can be
real i zed ev8n® witfie (8gtdrbefilni £ /Havi g (2d-AmheFEr - £ / hykber under 3.
Moreover, a satisfactory high lumnance is still attained with an F nunber
of |ess thaBhgrefiereshBwhsi hhfpgetioallfomeneiderhd tanbeance is saturated
when the F nunber is under 2). And the lum nance is considerably |owered
if the F nupbepoekterdd Bo Begasdilaget bé thei hhneknekskt Hasfbers found
experinmentally that, in a practical projection system wth an optical unit
using a 120W haig cnyatdliagapatly THe ddthhfevige § abexaiad esrdme
| um nance i.s enhanced approxi mately 60% when the F nunber is changed from
3.85 t0 2.the actual measurement can be explained substantially in

accordance with this relation.

Thus, the thickness d of the liquid crystal layer

in this device is so designed as to be less than 2 um,
and therefore the black level can be suppressed low
essentially in comparison thé known.deﬁice where thé
layer thickness is 3 to 4 um, hence realizing a high
contrast.

If the F number of the optical unit is decreased.in
the known device, the black level is raised to eventually
fail in ensuring a desired contrast, andrtherefore it is
unavoidable to set the F-number forcedly to more than 3.5,
as already described. However, in the device of the
ptesent invention, the black level in the device itself
is held extremely low as explained, so that a
sufficiently high contrast can be ensured even in the
optical unit having a small F number.

Fig. 9 graphically shows changes caused in the
black-state transmissivity by changing the F number of

the projection lens 5 in Fig. 17 and that of the
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As mentioned above, a superior projection system which is capable of
meeting the requirenents for both a higher contrast @2dDerembgh2005 um nance
“in conparison with any known system using the conventional device and
optical unit, can be provided due to the.display device of the present
invention and also to a projection optical systemand a projection display
system each enpl oying an 37 22 Decenber 2005 optical unit of an F nunber
under 3. Hereinafter the preferred enbodi ment of the present invention

wi || be described nore specifically with some conparative exanpl es.

[ Conpar ati ve exanpl e 1] Each conventional known device was produced as

foll ows. Fimeasuxiglhasptdghdt natlé wotlreappndispartenttheelidédttinadatand a
driving circuit substrate of silicon with an alum num el ectrode were
washed and bthé&hcaedr eniimt.r ofihie eioll a4k ol @ane Bvapseat 0ithwhedectedsgubt cryst al
orientation filmof Si02 was fornmed by oblique evaporation in an angul ar

range of 45the FSnukberthboknesstak Hbeicki g @nher yhakndr igptatign, film
was set to 50nm and the pretilt angle of the liquid crystal was so

~control | ed gbe b2ab® qapéqxugaké?z ZoﬁerTlﬂﬁaﬁaflherthankﬁé@ﬂuaéelea@‘ér of
gl ass beads having a dianeter of 1 to 3.5 am were sprinkled between the

t wo any F_number, whereby a suff1c1ently high contrast can be
realized even in the optical unit having a .smaller F
number under 3. Moreover, a satisfactory high luminance
is still attained Qith an F number of less than 3, as
shown in Fig. 10. (However, the luminance is saturated
when the F number is under 2). And the luminance ié
considerably lowered if the F number exceeds 3.

Regarding the luminance, it has been found .
experimentally that, in a practical projection system
with an optical unit using a 120W lamp in a diagonally
0.7~inch device for example, the luminance is enhanced
approximately 60% when the F number ié changed from 3.85
to 2.

As mentioned above, a superior projection system,
which is capable of meeting the requirements fof both a
higher contrast and a higher lﬁminance in comparison with
any known system using the conventional device and
optical unit, can be provided due to the display device
of the present invention and also to a_projection optical

'$ystem and a projection display system each employing an
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substrates where the liquid crystal orientation filmwas forned, and the

two substrates were joined together. Subsequently, a2e®ecemaéd300aligned
+liquid crystal material (nade by Merck Ltd.,) having a negative

permttivity anisotropy AE and a refractive |ndex ani sotropy An of 0. 082
was i njected between the substrates to thereby produce six kinds of reflex

“liquid crystal 38 22 Decenber 2005 display devices (sanples Nos. .1 - 6 in

Fig. 5) where the |liquid crystal layer thickness (cell gap) was 3.5 ,um
2.9 Am 2.5 Am 2 Am 1.5 Amand 1 Amrespectively. In each of the devices
t hus produced, a voltage was applied between the transparent el ectrode and
t he alunln@wﬁéhédtm@d@ odnant fie neivivegesincgasé&d in the transmissivity of
the liquid crystal by changing the applied voltage were nmeasured. (Since
the devi ces are ofHerefhaftéyptheaptefblkyetihembeflirentvofythbepeofents
measur ed. However, neasuring the reflectivity is equivalent to neasuring

t he transm dsiventy oef wiil@ bieqdedcribest aloreanpeldigietonyg With kbmbe so
descri bed bel ow.) The neasurenment was performed at roomtenperature. Fig.

15 gr aphi cakbypakews viehexhingtied .crystal driving characteristics of such

devices. As shown in Figs. 15 and 16, the saturation driving voltage rises

sharply ovqto§¥awggav%hgxgﬁbggnq§s of the liquid crystal |ayer is

Each conventional known device was produced as
follows. First, a glass substrate with a transparent
electrode and a driving circuit substrate of silicon with
an aluminum electrode were washed and then were
~introduced into an evaporatof; where a liquid crystél
crientation film of Si0; was formed by oblique evaporation
in an angular range of 45 to 55°. The thickness of the
ligquid cryétal orientation film was set to 50nm, and thé
pretilt angle of the liquid crystal was so controlled as
to be approximately 2.5°.
Thereafter an adeduate number of glass beads having

a diameter of 1 to 3.5 um were sprinkled between the two
substrates where the liquid crystal orientation film was
formed, and the two substrates were joined together.
Subsequently, a vertically—aligned liquid crystal
material (made by Merck Ltd.,) having a negative
permittivify anisotropy Ae and a refractive index
anisotropy An of.0.082 was injected between the substrates

Lo thereby produce six kinds of reflex liquid crystal
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| ess than 2.5 Am [Enbodinent 1] In the sane nmethod as adopted for

Conpar ative exanple 1 nentioned above, a |liquid crystaDeoemnbert2005on film
-of Si02 was fornmed on each of a substrate with a transparent el ectrode.and
a driving circuit substrate of silicon with an al um num el ectrode, and
three kinds of 39 22 Decenber 2005 vertically-aligned liquid crystal
materials (made by Merck Ltd.,) having a negative permttivity ani sotropy
Ae and a refractive index anisotropy An of 0.103, 0.114 and 0.13 were

i njected between the two. substrates to thereby produce nine kinds of
reflex liquid crystal display devices (sanples Nos. 7 - 15 in Fig. 5) :
where t he | idjfipd-aycdestialed ajsamplesBvess I celd iga@igass)2 wigrel thegm and
1 amrespectively. The pretilt angle of the liquid crystal was so :

‘control | ed ascuddberapriaaxilatet i dknesBNe dd1aUighdr Waddls & i MkNg | o
characteristics of the devices thus produced were neasured at room

tenperature yfi niv_l,grhyn,t 6)) C;Qfﬁpaﬂ_aﬁ:-,i Y eaggg{rpll eﬂ%‘t gigisggcféveg and 3

graphical ly show the driving characteristics o n thiee cases where
the thickness of the bhgHi drctyst abvikay¥ethhs Br8fuctd® Qﬁbaﬂéa%e?ﬁas .
' e

respectively. Fig. 5is a table showing the driving voltages o

individual  a@@4iie@S bRl WdC R HN G hAPSTRS LhbE it RALN LSS
aluminum electrdde, and the changes caused in the
transmissivity of the liquid crystal by changing the
applied voltage were measured. (Since the devices are of
reflex type, actually the reflectivity thereof is
measured. ,However,'measurind the reflectivity is
equivalent to measuring the transmissivity of the liquid
crystal, and therefore it will be so described below.)
The measurement was performed at room temperature.

Fig. 15 graphically shows the liquid crystal
driving characteristics of such devices. As shown in Figs.
15 and 16, the saturatioﬁ driving voltage rises sharply
over 6V when the thickness of the liquid crystal layer is
less than 2.5 um.
[Embodiment 1] |
In the same method as adopted for Comparative

example 1 mentioned above, a liquid crystal orientation
film of 5i0; was formed on each of a substrate with a
transparent electrode and a driving circuit substrate of

' silicon with an aluminum electrode, and three kinds of
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‘'substantially, and also the respective values of the transmssivity. It is
seen fromsuch results that, as An is controlled to 2 Dawembeh2(0050. 1, the
‘transmi ssivity is saturated easily at a |low voltage of 4 to 6V despite
reduction of the liquid crystal |layer thickness d under 2 .gm whereby
practical driving can be perfornmed. 40 22 Decenber 2005 Furthernore, since
the transm ssivity is nmuch enhanced in conparison wth any conventional
device, it beconmes possible to realize an inproved silicon reflex type
vertically--aligned liquid crystal display device having a sufficient
transm ssivity and superior driving characteristic. Qther devices were

al so producé®aii dadriitag lgied Liquyd duvsistlalmagre wimtlat | Gradd by a
polyim de filminstead of a silicon dioxide film and controlling the

ori entati onMerakuliichg.) Frerires W treegsrierd e re@itt iasi t  hose Jmdoned.
above. [Enbodi nent 2] The response speed relative to a rise tinme (from

bl ack to whiang) sanefdalivd iRl remadirdsp i anbback), 1985 omeagupgd in each
of the reflex liquid crystal display devices produced in-Enmbodi nent 1. The

fﬁm total tltenaoieries irgewRl hatviden respanee sprad fleLaeh tivaes and
° - produce nine kinds of reflex liquid crystal display

devices (samples Nos. 7 - 15 in Fig. 5) where the liquid
crystal layer thickness {cell gap) was 2 um, 1.5 gm and
1 um respectively. The pretilt angle of the liquid
crystal was so controlled as to be approximately 2.5°.

The liquid crystal driving characteristics of the
devices thus produced were measured at room temperature
similarly to Comparative example.l. Figs. 1, 2 and 3
graphically show the driving characteristics obtained in
three cases where the thickness of the liquid crystal
layer is 2 um, 1.5 um and 1 um respectively. Fig. 5 isr
a table showing the driving voltages of the individual
devices at which the transmissivity is saturated
substantially, and also the respective values of the

_-transmissivity. |

It is seen from such results that, as An is
controlled to be more than 0.1, the transmissivity is
saturated easily at a low voltage of 4 to 6V desﬁite

reduction of the liquid crystal layer thickness d under 2

4#m, whereby practical driving can be performed.

40



result is shown in Fig. 5. The neasurenent was perforned at room

tenperature. Fig. 4 graphically shows the thickness @2dbecehdet 20ps d

~crystal layer as a function wth regard to the device having An = 0.13 as

a representative exanple (sanples Nos. 9, 12, 15 with d 2.5 amin Fig. 5)
For conparison, Fig. 4 also shows the response speeds of the known

éanple No. 1 and the sanple 41 22 Decenber 2005 produced with d = 3 gm (6n

= 0.082 in each sanple). .~ As supposed fromEgs. (1) and (2), the response
speed changes substantially in proportion to the square of the thickness
of the liquid crystal layer. In the device of the present invention where
the | ayer tBEPEkhesnord,isinessthhabhrangmigadvahyi ssnoreht Anhanced in was
proved to realize a high-speed response faster than 9nsec . [Conparative
exanpl e 2] tampheisanewhthhadyasonteptédnadr dEmbodi nkhtbécomesrefl ex |iquid
crystal device (sanple No. 16) was produced by using a liquid crystal

mat eri al of pAasibDelBowréalihzel ageimphoukdesslidtol. befgbexadgpthe |iquid
crystal driving characteristic was neasured. Fig. 7 graphically shows the

result in cospaitadby-slidnéhelthaidcteysshlcdobpsapplievilee Baobhgifed with

An = 0.082. As shown, the driving voltage in the device (sanple No. 16)
was UUCh | oweEfidDent eePARNSRSPEULy and superior driving

characteristic.

Other devicés were also produced by forming, as a
liquid crystal orientation film, a polyimide film ihstead
of a silicon dioxide film, and controlling the
orientation by rubbing. The results were the same as:
fhose mentioned above.

[Embodiment 2]

The response speed relative to a riseé time (from
black to white) and a fall time (from White to black) was
measﬁred in each of the reflex liquid crystal display
devices produced-in-Embodiment 1. The sum total thereof
is regarded as the response speed of each device, and the

‘result is shown in Fig. 5. The measurement was performed
at room temperature. Fig. 4 graphically shows the
thickness d of the liquid crystal layer as a function
with regard to the device having An = 0.13 as a
repreSentativé example (samples Nds. 9, 12, 15 with d =

2.5 um in Fig. 5). For comparison, Fig. 4 also shows the

response speeds of the known sample No. 1 and the sample
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measured at roomtenperature in the same manner as in Enbodi nent 2 was
A6nsec. Since the driving voltage in a half tone is |Z2p&embyr 200550, the
~response speed was rendered lower, and in a gray-scale gradation of 25% . .
the response speed was further lowered to the vicinity of 100nsec.
(Enmbodi ment 3] 42 22 Decenber 2005 The transmi ssivity (black level) at a
zero applied vol tage (black state) was neasured in the reflex liquid
crystal display device produced in Enbodi nent 1. For systematically
exam ning the black | evel changes caused in relation to the thickness of
the liquid-crystal |ayer, devices having a |layer thickness of 3.5 gm
(sanpl es Noprodi¢edlOyiwkr d pr dduced(Md t=h ¢.HsS2afier eneni ieagdsanpl es of  An,
and al so devices having a |layer thickness' of 2.5 1t were produced
simlarly, and theidl aighpdevd| fromabgsi sslvidyd of) pache deysseny@s nmeasur ed
together with- the sanples (Nos. 7 - 15) of Enbodinment 1. The respective
- black | evel spakdeshangegr apbscahkyashowini propert8omhesrethbheqisperi cal
val ues obtained in the devices with a |layer thickness of 3.5 pmare

i ndi cat ed asrl1@8% whibkhBEsi B thduahqﬁaapbe}zseé_wmay&.Shfﬂ\ﬂtﬂél Fig. 8,
the black level is extremely |owered when the liquid crystal |ayer becomes
t hi nner device of the present invention where the layer thickness '
d is less than 2 gm and An is more than 0.1, it was
proved to realize a high-speed response faster than 9msec.
[Comparative example 2]
In the same method as adopted for Embodiment 1, a
reflex liquid crystal device (sample No. 16) was produced

by using a liquid crystal material of An = 0.13 with a

layer thickness of 3.5 um, and the liquid crystal driving

characteristic was measured.

Fig. 7 graphicaily shows the result in comparison
with the characteristic of sample No. 1 obtained with An =
0.082. As shown, the driﬁing voltage in the device
(sample No. 16) was much lower. The response speed
measured at room temperature'inlthe Same manner as-in

| Embodiment 2 was 46émsec. Since the driving vqltage in a
half tone is low as 1V or so, the response speed was
rendered lower, and in a gray-scale gfadation of 25%, the
response speed was further lowered to the vicinity of
100msec.

[Embodiment 3]
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than 2 gmin any sanple of An. In the device with a layer thickness of 1.5
um for exanple, the indicated black l|evel is |ower by22D0edemnb202005han t he
~val ue obtained in .any device with a |layer thickness of 3.5 gm That is,
the contrast of the device beconmes so high as 5 to 10 tines. In the
measuring optical unit of Fig. 7 having an F nunber of 3.85, this trend
remai néd substantially the 43" 22 Decenber 2005 sane despite any change of
the F nunber. [Enbodi nent 4] The devices (sanples Nos. 12, 9) of
Enmbodinment 1 wi'th An = 0.13 and a liquid crystal |layer thickness of 1.5
gmand 2.0 umwere incorporated in the neasuring optical unit having. an F°
number of 3.85, 3 &Rh8 ProBABifREVBEHcKPlpekelleyBlacRIspaterer anBhiedi vity)
of each device was conpared with that of the known device (sanple No. 1).
Fig. 9 grapRoddage sidwsk kdatedumes sfeasugted donpdrd g@flerhd ilgudck | evel
rises with a decrease of the F nunber. However, in the device of the
present invemyisdal dilselalvadevieeepricslumgdtial Medddiwentt Aan Fboat in the
known devi ce despite any change of the F nunber. The white |evel
transm ssi visyy tema tdacl 1geeixamindngk &pte  beed drtvedl Ichamaeangededt 0.6 or
so. Therefore, the black level ratio directly gives the contrast ratio of
the device. iAceendition eot htedeviegneisst e ivheentii@Ad idrystal layer,
devices having a layer thickness of 3.5 um (samples Nos.

17 - 19) were produced with the aforementibned samples of
An, and also devices having a layer thickness of 2.5 unﬁ
were producéd similarly, and the black-level
transmissivity of each devicé.was measured together with
the samples (Nos. 7 - 15) of Embodiment 1. The respective
black level values are graphically shown in Fig. 8 where
the numerical values obtained in the devices with a layer
thickness of 3.5 pm are indicated as 100% with the

individual samples of An.

As shown in Fig. 8, the black level is extremely
lowered when the liquid crystal layer becomes thinner
than 2 pum in any sample of An. In the device with a layer
thickness of 1.5 pum for example, the indicated black
level is lower by 10 to 20% than the value obtained in
‘any device with a layer thickness of 3.5 um. That is,
the contrast of the device becomes so high as 5 to 10
times. In the measuring optical unit of Fig. 7 having an

F number of 3.85, this trend remained substantially the
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. is seen that in any optical unit having a small F nunber wunder 3, an equal
.or higher contrast can be realized as conpared wth t2eEDésemviser de®3 ce. The
“lower limt of the, F nunber may be set preferably to 1.5, further .

preferably to 2.0. In conformity with the specification described above, a

di agonally 0.7-inch silicon reflex type 44 22 Decenber 2005

vertically-aligned |iquid crystal display device was produced, and the .
| um nance obtai ned by theuse of a.120W/lanp as a |ight source was conpared

in a practical projection optical unit having an F nunmber of 3.85, 3.5,

3, 2.5 and 2. The results are_graphically showmn in Fig. 10 where, as

conpar ed wi SRMehslgspiteardy cbeaidee®t then F epmibeal. unit of F nunber =

3.85, the lum nance i's enhanced about 32%w th F nunber = 3, about 44%

with F nund@mbeodimgntaddut 60% with F nunber = 2, and sharply enhanced

with F nunber : !'E~3 . However, the l'um nance was enhanced nerely 15% or

so with F nunber =TBeb5deuwicest (sehphgsdNsahstant bal by mubbdEmenober = 1.5

as conpared wth the value obtained with F nunber = 2. Regarding the

contrast, ewafthi Anad OPLBCRhAUAI LivhiA ErQURBEr 1a7Sr B8nilRRes§0HET 8SE
attai ned was higher than the value in the known device, as nentioned. That

s, @ SUPEriph PAQJ SCHI O wRYY ARMABIRAIF ah LR ARG LYYt S for
unit having an F number of 3.85, 3 and 2, and the black
Alevel (black-state transmissivity) of eaéh device was
compared with that of the known device (sample No. 1).
Fig. 9 graphically shows the reéults of such
comparison. The black level riseé with a décreasé of the
F numbér. Howewver, in the deviée of the present invention,
the black level is maintained lower than that in the
known device despite any change of the F number. The
white level transmissivity in each device was kept
substantially unchanged at 0.6 or so. Therefore, the
black level ratio directiy givés thie contrast ratio of
the device. According to the device of the invention, it
is seen that in any optical unit having a small F number
| under 3, an equal or higher contrast can be realized as
compared with the known device. The lower limit of the' F
number may be set preferably to 1.5, further preferably
to 2.0.
In conformity with the specification described

above, a diagonally 0.7-inch silicon reflex type
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hi gher | um nance and a higher contrast in conparison wwth those in the

known device. It is to be understood that ‘the enbodi m2Besntber 2025l es of
- the present invention described above may be nodified variously on the

basis of the technical concept of the invention. For instance, the
structure, material and so forth 45 22 Decenber 2005 of the conponent parts
of the reflex liquid crystal display device or those of an optical or
proj ection system equipped with such display device are not limted nerely
to the aforenentioned ones alone, and may be altered with a variety of
modi fications. Thus, according to the present invention where the An of
the verticaVeyLarpdhrdaligopd ¢iguidl crusépiabisplagodevdteedato be nore
than 0.1, the transmissivity of-the liquid crystal is saturated with
facility atpaofveedyobndgthpelumniBangecyvbdespetieby thduuseonfoh Lpew
t hi ckness of the vertically-aligned liquid crystal layer to less than 2
gm hence athinpvasgasiigbtasboryedwiasi ogmpated pnaat peattychdow vol t age
whi | e attaining another advantage of renarkable inprovement in the
transm ssi vptyjectsehfopTheatf anet hbvhegoarsrpassbbleofo3(es)izes5n
superior reflex type vertically-aligned liquid crystal display device
which indicajeg.n sufif2ci effe results are graphically shown in Fig.

10 where, as compared with the luminance obtained in an

optical unit of F number = 3.85, the luminance is

enhanced about 32% with F number = 3, about 44% with F

number = 2.5, about 60% with F number = 2, and sharply
enhanced with F number = 3. However, the luminancelwas
enhanced merely 15% or so with F number = 3.5, or not
changed substantially wiﬁh F number = 1.5 as compared
with the value obtained with F number = 2. Regarding the
contrast, even in an optical unit with F number = 3, the
contrast attained was highef than the vaiue in the known
device, as mentioned. Thét is, a superior projection
system was.rea;ized to meet the requirements for both a
higher luminance and a higher contrast in comparison with
those in the known device.

It is to be understood that the embodiments and
examples of the present invention described above may be
modified variously on the basis of the technical concept
of the invention.

For instance, the structure, material and so forth
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transm ssivity, an excellent |owvoltage driving characteristic (low
required withstand voltage) and fast response as wel | 22 Begdniter 2005 _
- inmprovenents are realizable in a display apparatus, a projection optical .
system and a 'projection display systemby the use of such a display
device. In these systens where the thickness of the 46 22 Decenber 2005
vertically-aligned liquid crystal layer is reduced to less than 2 gm the
bl ack | evel, which is considered to be proportional to the square of the
t hi ckness of the liquid crystal layer, can be held |low to thereby achieve
a high contrast even when the F nunber of the optical wunit is less than 3,
and a hi gh Pénih&neempengndobazéhi evabhe wefAex Jdalidrcrysbar.
Consequently, it becomes possible to provide a superior systemwhich is
capabl e of daspdpyi dgvikne pa&qiihpesentsahoppibdcalaoli girojeonionst and a hi gh
| um nance. 47 22 Decenber 2005 CLAIMS: 1. A 're-flex liquid crystal display
devi ce conplkesengequfippstl wilbbt satk dithlayl dghticer amemesi Yémiekdct r ode,
a.second substrate with a light reflective electrode, and a | ayer of
vertical | y-merghgdtbi giedaforementioned ones alone, and may be

altered with a variety of modifications. -

Thus, according to the present invention where the

An of the vertically-aligned liquid crystal material is

controlled to be more than 0.1, the transmissivity of the

liquid crystal is saturated with facility at a low

voltage below 5 to 6V despité a reduction of the

thickness of the vertically-aligned liquid crystal 1ayér

to less than 2 um, hence achieving satisfactory driving

at a practically low voltage while attaining another

advantage of remarkable improvement in the transmissivity

itself. Therefore, it becomes possible to-realize a

-superior reflex type.verﬁically—aligned liquid crystal

display device which indicates a sufficient

transmissivity, an excellent low-voltage driving

‘characteristic (low required withstand voltage) and fast

response as well. Further improvements are réalizable in

a display apparatus, a projection optical system and a

projection display system by the usé of such a display

device.

In these systems where the thickness of the
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crystal material interposed between said first and second

substrates. positioned opposite to each other in a st @2decetndee26ds d | i ght
“transm ssive electrode and said light reflective electrode are opposed
mutual Iy, wherein the thickness of said vertically-aligned liquid crystal
~layer is less than 2 pm and the refractive index anisotropy An of said.]|
iquid crystal material is nore than 0.1. 2.. The reflex. liquid crystal

di spl ay device according to claiml, wherein a liquid crystal orientation -

filmis formed on each of the nutually opposed faces of said |ight

transm ssive electrode being _transparent and said |light reflective

el ectrode, ¥Rd %&P&lyrﬁéﬁﬂnﬁéfﬂé&?ﬂ@ecéﬁé@?ﬁoééye§ ésnnedtegdt boa si ngl e-
crystal sem conductor driving circuit of silicon or the 1like forned on

sai d secondlegbsthane? s déye ket i lanehg, wiaihchacts weordriida megd thype ref | ex
liquid crystal display device. 3. The reflex liquid crystal display device
accordi ng tbecbappr2timhedeta thedsgiiagkeodr yoralthdag8kadsbeo€nbbe 2005

sem conductor driving circuit conprises .a. driving transistor provided
for each pixébuod arybth&omasabstcanebeshe&dngoastsatﬂesebgndcﬁﬂbsérat6,
cand said light reflective electrode is connected to the output side of
said driving highscehetast even when the F number of the optical

unit_is less than 3, and a high luminance is also
achievable with a small F number. Consequently, it
becomes possible to provide a superior.system which is
capable of satisfying the requirements for both a high

contrast and a high luminance.
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4." The reflex liquid crystal display device -according to claim1l1, wherein
~the pixel size is less than 10 um 5. The reflex |iq@deaeypbenl0dd spl ay
device according to claim2, wherein a silicon oxide filmis formed as
said liquid crystal orientation film 6. A display apparatus equi pped with
the reflex liquid crystal display device according to any of clains 1 to
S. 7. The display apparatus according to claim®6, conprising a |ight
source, an optical unit for enabling incidence of the emtted |light from
‘the light source onto the reflex liquid crystal display device, said
reflex liquwd crystal display device, and an optical unit for introducing
the refl ect: : %ﬂu fromsaid reflex liquid crystal display device, :

wherein all of saiid canpEReRLS); ydi [ optical path of said
‘apparatus. 8. The displ ay a%parét gda%%ggggggdggggﬁgféeflchmwein t he

light emtt Qm.said 4J : s 49 .22 Decenper 2005, i nci dent upon-
%&{ﬁlﬁcﬁﬁj a#i%]ﬁs p%giji/é%ga\l/{f% IR 2 AL oG FrRRsRESSEVEer and a

aid reflex |1
ryatal  reauhrosisi & 3a T (DRAGAR 2 Eh o pol ot seebRak vepl i ttar
agéin. eléctrode, and a layer of vertically—aligned liquid |
crysta} material interppsed between said first and second
'substrates.positionedzgpposite to each other in a state
where said light' transmissive electrode and said-light
reflegtive electrode are opposed mutually, wherein the
thickﬁess of said vertically—éligned li@uid crystal‘layer
is less than 2 em, and the refraétive indéx anisotropy‘Aﬁ
of said liquid crystal material is méore than 0.1.
2. - The reflex_liquid crystal display device
accoraing to claim 1, wherein a liquid crystal
‘ofientation film is formed 6n each of the mutually
opposed faces of said liéht transmissive electrode being .
transparent and said light reflective electrode, and said
: light reflective electrode is connected to a single- |
crystal semiconductor'driving circuit of silicon or the
like formed on said second substrate, thereby
constituting an active driving type reflex liquid cfystal'
display deﬁice. | |
3. Thé reflex liquid crystal display device

- according to claim 2, wherein said single-crystal
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9. .The di splay apparatus according to claim8, wherein said reflex liquid
crystal display device and said polarized beam splitt2rDatetntidr gpased for
each of colors respectively, and the reflected |light beans from the

i'ndi vidual reflex liquid crystal display devices are synthesized. 10. The
di spl ay apparatus according to claim9, wherein white light emtted froma
white light source is introduced to a dichroic color separation filter via
said polarizer/converter, and the |light beans separated therethrough are
further separated into |ight beans of individual colors, which are then
incident upon said reflex liquid crystal display devices respectively via
sai d pol ar i ZERUFERAUSHAR C8TL V1A QURCWids |cowpad- slesglet dijatmy ar e

synt hesi zed by nmeans of a prism_11. A projection optical system wherein

t he refl ex IGrgdisd sdoyspaovdidssl £iprdercde pdeedr dinng tsd ldmprofsublséivate 1 to 5
is disposed in an optical path thereof. 12. The projection optical system
accordi ng t ¢e30i2y Becerbecr s2005.4 [sabmtrhtecormpd siaigl 4 ilghght source, an
optical unit for enabling incidence of the emtted light fromthe |ight
sour ce ont o rielfé exefilvex elliegitirdder Yst aontiesftlealy tdevhee outpaitd sigkl ex |iquid .
crystal display device, and an optical unit for introducing the reflected
l'ight from saiid defikésg transistor. '

4. The reflex liquid crystal display device
according to claim 1, wherein the pixel size is less than
10 pm.

5. The reflex liquid crystal display device
according to claim 2, wherein a silicon oxide film is
formed as said liquid crystal orientation film.

6. A display apparatus equipped with the reflex

_ liquid crystal dispiay device according to any of claims
1 to 5.

7. The display apparatus according to claim 6,
comprising a light sourcé, an optical unit for enabling
incidence of the emitted light from the light source onto
the reflex liquid crystal display device, said reflex
liquid crystal display device, and an optical unit for
introducing the reflected light from said reflex liquid
crystal display device, wherein all of said components
are disposed in an optical path of said apparatus.

8. The display apparatus according to claim 7,

wherein the light emitted from said light source is
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liquid crystal display device, ‘'wherein all of said conponents are dispose
4 n an optical path of said system 13. The projecti on 22@dcembesdISem -
according to claim12, wherein the light emtted fromsaid |ight source:
i's incident upon said reflex liquid crystal display device via a
pol ari zer/converter and a pol arized beamsplitter, and the reflected |ight
fromsaid reflex liquid crystal display device is introduced to a
projection lens via said polarized beamsplitter again. 14. The projection
optical systemaccording to claim13, wherein said reflex liquid crystal
di splay device and said polarized beamsplitter are disposed for each of
col ors respeBfigeny, URRl €Redr EFFéekedirdRt crysiad fismleredpHdrei dual
reflex liquid crystal display devices are synthesized and introduced to
sai d proj ecVigna pehgrizsr/Thavprbspscendnaoprileaizegdsbemmaspditicny,to
claim 14, wherein white. light emtted froma white |light source is
i ntroduced. and &hdi thfdiectedl digbepéramni epiBlr2Z1lBecenlyeid200gsthalt er via
said pol arizer/converter, and the |ight beans separated therethrough are
further sepdiapédyi deoikieght ibheaocduobdi ndhvisdudl pedhoigedwbesh are then
incident-upon said reflex liquid crystal display devices respectively via
sai d pol ari zpdibeam aphiihter, and the reflected |ight
9. The display apparatus according to claim 8,
wherein said reflex liquid crystal display device and
said polarized beam splitter are disposed for each of -
colors respectively, and the reflected light beams from
the individual reflex liquid crystal display devices are
syntheeized.
10. The display apparatus according to claim 9,
wherein white light emitted from a white light source is
introduced to a dichroic color separation filter via said
polarizer/converter, and the light beams separated
therethrough are furtherrseparated into light beams of
individual colors, which are then incident upon said
reflex liquid crystal display devices respectively via
said polarized beam splitter, and the reflected light
beams are synthesized by means of a prism.
11. A projection optical system wherein the reflex
liquid crystal display device according td any of claims

1 to 5 is disposed in an optical path thereof.

12, The projection optical system according to
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beans are synthesized by neans of a prism 16. A projection display system
wherein the reflex liquid crystal display device accoddbeagntber 2636 of

claimte 1 to 5 is disposed in an optical path thereof. 17. The projection
di spl ay system according to claim 16, conprising a |light source, an

optical unit for enabling incidence of the emtted light fromthe |ight
source onto the reflex liquid crystal display device, said reflex liquid
crystal display device, and an optical unit for introducing the reflected
llight fromsaid reflex liquid crystal display device, wherein all of said

conponents are.disposed in.the optical. path of said st m_18. _The

proj ection 8;%ﬁ?a§93y%?%%¥%ﬁﬁ%gd %lS%t %?%fﬁ?i?anmﬂgfg ALtRRIY I EME enmitted
fromsaid |i source. IS incident upon said ref|e I|qU|d crystal

i opl 2y devFREDHES LSRRG, pEohbes e LGt aromdthpeldRh it rer

and the refl ected I| ht fron1sa|d reflex quid crystal display device is

i ntroduced $PUECS20B50 Dekenbefl ?@0%1%¥b?e%¥Y%%ale@%sﬂi%Yséﬁﬂﬂ%%Aarlzed beam
splitter again, and further to a screen. 19. The projection display system
accordi ng teaEfarefiex Whewid nceys el odienlay qievicey saad @ﬁksqﬂtawcaldew ce

and said polarized beamsplitter are di sposed for
unit for introducing the reflected light from said reflex

liquid crystal display device, wherein all of said
components are dispoéed in an optical path of said system.

13. The projection optical system according to-
claim 12, wherein the light emitted from said light
source is incident upon said reflex liquid crystal
diéplay device via a polarizer/converter and a polarized
beam splitter, and the reflected light from said reflex
liquid crystal display device is introduced to a
projection lens via said polarized beam splitter again.

14. The projection optical system'according to
claim 13, whereiﬁ said reflex liquid crystal display
device and said polarized beam splitter are disposed for
each of colors respectively, and the reflected light
beams from the individual reflex liquid érystal display
devices are synthesized and introduéed_to said projection
lens.

15. The projection optical system according to
claim 14, wherein white light emitted from a white light

source is intreoduced to a dichroic color separation
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each of col
i ndi vi dual
i nt roduced
according t
source i s
pol ari zer/c

ors respectively, and the reflected Iight beans fromthe

reflex liquid crystal display devices are Z3/nDedeatier28D5and

to said projection lens. 20. The projection display system

o claim19, wherein white light emtted froma white |ight

ntroduced to a dichroic color separation filter via said
onverter, and the light beans separated therethrough-are

further separated into |ight beans of individual colors, which are then

i ncident upon said reflex liquid crystal .display devices respectively

said pol ari
synt hesi zed
the reflex

5, and an oftPEARTERI FhREGItRG CHINF 2renbBr thRdesepaTages dndpoddahin an

optical pat

21, conprisiegmg Pifghnddgdduel selegsicyhichi ereothsed inchdeshbepor005

Vi a

ed . beam.splitter, .and the reflected |ight_  beans are .
T e e b iy i rpad e RbBs e EeE, o Rndh theal 1655 BRFHRer oi n

liquid crystal display device according to any of clains

h thereof. 22. The projection optical system according to

1to

claim

enabling incidence of the enmtted light fromthe light source onto the
reflex |iquisaildr yefakxdildguay devistel diapdayeflewsiceisquiedrecystalydi spl ay

device, and an opti cal

reflex |iquid enydt abldirspkdy béewi cplinherei andl thef redildcted light

beams are synthesized by means of a prism.

16. A projection display syétem wherein the reflex
liquid crystal display device according to any of claims
1l to 5 is disposed in an optical path thereof.

17. The projection display system according to

~claim 16, comprising a light source, an optical unit for

enabling incidence of the emitted light from the light
source onto the reflex liquid crystal display device,
said reflex liquid crystal display device, and an optical
unit for introducing the reflected light.from said reflex
liquid crystal display dévice, wherein all of said
components are disposed in the optical path of said
system.

18. The projection display system according to
claim 17, wherein the light emitted from said light
source is incident upon said reflex liguid crystal
display‘device via a polarizer/converter and a polarized

beam splitter, and the reflected light from said reflex

- liquid crystal display device is introduced to a
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conponents are disposed in the optical path of said system 23. The

~ projection optical systemaccording to claim 22, wherRiDecembef2Ql5t enitted
“fromsaid light source is incident upon said reflex liquid crystal -
di spl ay device via a polarizer/converter and a polarized beamsplitter,
and the reflected light fromsaid reflex Iliquid crystal display device is
introduced to a projection lens via said polarized beamsplitter again.

24. The projection optical systemaccording to claim23, wherein said
reflex liquid crystal display device and said polarized beamsplitter are -
di sposed for each ., of colors. res ectigﬁl¥“ and the reflected Iight beans
fromthe i nBFPPEGELCRef-FER WF&uﬁglér A igespPapn §odiEbsrapgadPnt hesi zed
and introduced to said projection lens. 25. The. projection optical system
accordi ng t 80¢| &WRth2r RWRePePRTRAPte light emitted froma white |ight
source is introduced to a dichroic.colo . separation 54 22 Decenber 2005 .
filter via said pol@ri Z&y coedaatdon ghidnley 19yiteheamerdiamartat ed

t heret hrough are further separated into |light beans of individual colors,
whi ch are tkéaimndBdewheupon ssaiddredflesx ligdiddceyygseal disppbhgy devi ces
respectively via said polarized beamsplitter, and the reflected |ight

: device and saild polarized beam splitter are disposed for

éach of colors respectively, and the reflected light
beams from the individual reflex liquid crystal display
devices are synthesized and introduced to said projection
lens.

20. The projection display system according fo
claim 19, wherein white light emitted from a white light
source is introduced to a dichroic color separation
filter via said polarizer/converter, and the light beéms'
separated therethrough are further separated into light
beams of individual colors, which are then incident upon
sald reflex liéuid crystél display devices respectively
via saild polarized beam splitter, and the reflected light
beams are synthesized by means of a prism.

'21. A projection optical system wherein the reflex
liguid crystal display device according to any of claims
1 to 5, and an optical unit haviﬁg.an F number under 3, |
are disposed in an optical path thereof.

22. The projection optical system according to

;laim 21, comprising a light source, an optical unit for

53



beans are synthesized by neans of a prism 26. A projection display system
wherein the reflex liquid crystal display device acc@2ddevgmber 2006 of

‘claims 1 to 5, and an optical unit having an F nunber under 3, are

di sposed in an optical path thereof. 27. The projection display system-
according to claim26, conprising a |light source, an optical unit for
enabling incidence of the emtted light fromthe Iight source onto the-
reflex liquid crystal display device, said reflex liquid crystal display .
device, and an optical wunit for introducing the reflected light fromsaid
reflex liquid crystal display device, wherein all of said conponents are
di sposed i nSIREOEHG dacigenreoprisdhe enjiditad lightTdsopr shectiightdi spl ay
system according to claim27, wherein the light enitted fromsaid |ight
source is | BOMAERt cnpon thgi defdrred idugd ¢rvsEetlalisgilayl devdew,ce via a
pol ari zer/converter and a polarized .beamsplitter, and the reflected Iight
from said repliex r&3122 Déqguibdercryets ll idduspd agr Yewvakedi apdagndeyitdeails
introduced to a projection lens via said polarized beam splitter-again,
and further undtafecr éahrodcifige theojredilicartedi dpbay Sysiesraecekdilng to
claim 28, wherein said reflex liquid crystal display
liquid crystal display device, wherein all of said
components are disposed in the optical path of said
system.
23. The projection optical system according to-
claim 22, wherein the light emitted from said light
source is incident upon said reflex liquid crystal
display device via a polarizer/converter and a polarized
beam splitter, and the reflected light from said reflex
liquid crystal display device 1s introduced to a
projection lens via said polarized beam splitter again.
24. The projection optical system according to
claim 23, wherein said réflei liquid crystal display
device and said polarized beam splitter are disposed for
each of colors respectively, and the reflected light
beams from the individual reflex liquid crystal display.
devices are synthesiied and introduced to said proijection
lens.
25. The projection optical system according to

claim 24, wherein white light emitted from a white light

source 1s introduced to a dichroic color separation
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device and said polarized beamsplitter are disposed for. each of colors
respectively, and the reflected |ight beans fromthe 32ikoemivanl0loef | ex
“liquid crystal display devices are synthesized and introduced to said
-projection lens. 30. The projection display systemaccording to claim 29,
wherein white light emtted froma white light source is introduced to a
di chroic color separation filter via said polarizer/converter, and the

| i ght beans separated therethrough are further separated into |ight beans
of individual colors, which are then incident upon said reflex liquid
crystal disg[§¥ devi.ces respectivel via said polarized_beamsplitter, and

4Py

the reflect hViapgads Péa§9ﬁﬁﬁé§PEgﬁrE9rweéﬁ§ shealpphinbesys22
Decenber 2005 Reflex Liquid Crystal Display Device, Di sp[aé . Appar at us,
Proj ecti on ©pPprEaFedysherpihgouphopset fBATDREpEapaspsedmin gTPAqﬁto: THE
DI SCLOSURE A superior reflex type vertically-aligned Iiquid
cryst al - di sheagps déviivdiwihdrelncphersef vhithvarientiben ancsdenbpypén of its
liquid crystal material is controlled ‘to be nore than 0.1, and the
transm ssi veaydofefhex! Lggudd crystal d$sphayrdewdceist hebpettivylat a | ow
voltage below 5 to 6V despite a reduction of the thickness of the
' via said polarized beam splitter, and the reflected light
beams are synthesized by means of a prism. |
26. A projection display system wherein the reflek
liquid'crystal display device according to any of claims
1l to 5, and an optical unit having an F number under 3,
are disposed in an optical path thereof.
27. The projection display System according to
claim 26, comprising a light source, an optical unit for
enabling incidence of the emitted light from the light
source onto the reflex liquid crystal display device,
said reflex liquid crystal display device, and an optical
unit for introducing the reflected light from said reflex
liquid crystal display device, wherein all of said
components are disposed in the optical path of said
system.
28. The projection display system according to
-claim 27, wherein the light emitted from said light
source is incident upon said reflex liquid crystal

display device via a polarizer/converter and a polarized

-bean splitter, and the reflected light from said reflex
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vertically-aligned liquid crystal layer to Iess than 2 gm hence achieving
satisfactory driving at a practically | ow voltage whi |22 Redeaiber Bg0%anot her
~advant age of remarkable inprovenent in the transmssivity itself.
Therefore, the display device indicates a sufficient transmssivity, an
excellent |owvoltage driving characteristic and a fast response. Further

| nprovenents are realizable in a display apparatus, a projection optical
systen1and a projection display systemby the use of such display

device.. (Fig. 57 . -

liquid crystal display device is introduced to a
projection lens via said pelarized beam splitter again,
and further to a screen.

29. The projection display system according to
claim 28, Qherein said reflexlliquid crystal display
device and said polarized beam splitter are disposed for
each of colors respectively, and the reflected light
beams from the individual reflex liquid crystal display
devices are syﬁthesized and introduced.to said projection
lens. | |

30. The projection display system according to
claim 29, wherein white light emitted from a white light
source is introduced to a dichroic color separation
filterrvia said polarizer/converter, and the light beams
separated therethrough are further separated into light
beams of individual‘colofs, which are then incident upon
said reflex liquid crystal display devices respectively
via said polarized beam splitter, and the reflected light

beams are synthesized by means of a prism.
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Reflex Liguid Crystél,DiSplay Device, Display
Apparatus, Projection Optical System,And
Projection Display System

ABSTRACT OF THE DISCLOSURE

A éuperior reflex“type vertically-aligned liquid
crysfal-display device wherein the refractive index
anisotfopy‘An of its liquid crystal material is controlled
to be more than 0.1, and the transmissivity of the liquid
crystal is saturated with facility at a low véltage below
5 to 6V despite a‘feduction of the thickness of the
vertically-aligned liquid crystal layer to less than 2 nm,
heﬁce achieving satisfactory driving at a practically low
'l:voltage while attaining another advantége of remarkable
imprdvemept in the transmissivity itself. Therefore, the
display device indicates a sufficient transmissivity, an
excellent low-voltage driving characteristic and a fast
response. Fﬁrfher improvements are realizable in a
‘display aﬁparatus, a projection optical system and a
projection display system by the use of Such display

device.

(Fig. 6)
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