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Abstract

In this paper, we have proposed an alingment-controlling sandwiched spacer that controls the

alignment of liquid crystals (LC) in fixed-curvature LC displays without using an alignment film and serves as a

spacer between rigid curved substrates. This spacer is flexible and does not require additional LC alignment film.

The spacer was fabricated by a transfer method using polysiloxane resin. As a result, we fabricated curved LC

devices using alignment-controlling spacer and curved glass, and this device can move LC alignment. It was found

that the polysiloxane surface causes the liquid crystal molecules to be oriented perpendicularly to the polymer side

surface. This device lead to durable curved LC displays without solid stick spacers that break easily.

Keywords: spacer, alignment-control, PDMS, curved liquid crystal display.

1. Introduction

In recent years, society has been overflowing with
information, and the installation locations of displays,
one of the means of information transmission, have been
diversifying, attracting attention to flexible displays.
Currently, organic light emitting diode (OLED) and
liquid crystal (LC) are mainly used for flexible displays.
LC displays (LCDs) have higher luminescence than
OLEDs. LC displays also have higher device reliability
due to less material degradation from atmospheric
moisture and oxygen, and generally longer life span than
OLEDs [, This paper focuses on LCDs because LCDs
with high brightness, high durability, and long life are
considered suitable for a variety of applications.
However, flexible LCDs installation should be regarding
the surface three-dimensional geometry on which they
can be installed. Three issues cause of this limitation.
The first is external pressure. Flexible LCD substrates,
by their nature, are strong against impact but weak
against external pressure, and deflection of the substrate
and changes in the thickness of the liquid crystal layer
can cause disorderly displays. Therefore, flexible LCD
substrates are not suitable for installation surfaces that

are subject to strong external pressure. Second is stress
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during curvature 2. Flexible LCDs are always curved
when installed on curved surfaces. Therefore, the
internal spacer is constantly stressed, which causes
deterioration of the spacer and changes in the thickness
of the LC layer, resulting in display disturbances. Thus,
current flexible LCDs are not suitable for installation
surfaces where long life is desired. Third, the substrate
type is limited. Conventional flexible display spacers are
as follows: (1) Pixel isolated liquid crystal spacer.31l4l (2)
Sold and adhesive patterned spacer.l5! (3) Microcontact
printing spacerl®. (4) Photoresister SU-8 spacer!”. (5)
Polymer walls spacer!8l. (1), (2), and (3) are rod-type and
therefore vulnerable to pressure. Also, these spacers
require additional photoalignment. Flexible and resilient
substrates must be used, and problems with water
resistance, heat resistance, and bending direction
limitations remain. Therefore, as shown in Fig. 1,

installation in various locations is difficult.
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Fig. 1 Installation surfaces required environmental resistance,

external pressure resistance and three-dimensional substrate.
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In this paper, we devised a fixed-curvature LCD using a
rigid curved substrate. A fixed-curvature LCD is a display
in which an arbitrary three-dimensional substrate, such
as glass or reinforced plastic is deformed into an arbitrary
shape to match the surface on which the display is
installed. The production of fixed-curvature LCDs allows
displays to be adapted and used in any environment or
application. However, since this method uses a curved
substrate to fabricate the display from the beginning,
spacer could not be formed or alignment could not be
attached using conventional methods. Therefore, we
developed alignment-controlling sandwiched spacer. This
new spacer when combined with curved substrates, can
control LC alignment without using an alignment films.
The alignment-controlling sandwich spacer is a sheet-
shaped spacer with holes, and its flexibility and elasticity
allow it to be installed on curved surfaces and maintain
the thickness of the LC layer. In this paper, we proposed
the alignment-controlling sandwiched spacer and
evaluated the basic operation of LC alignment of the

fabricated device.

2. Structure of Alignment-Controlling
Sandwiched Spacer

In this section, we describe the structure of our
proposed alignment-controlling sandwiched spacer. The
structure of a fixed-curvature LCD is shown in Fig. 2.
Conventional spacers are formed directly on the
substrate to be used. On the other hand, alignment-
controlling sandwiched spacer is sandwiched on the
curved substrate to be used after fabrication. As shown
in Fig. 3, the alignment-controlling sandwiched spacer

has a lattice-like bulkhead structure to secure the LC

Rigid curved substrate

Alignment-controlling
sandwiched spacer

Rigid curved substrate

Fig. 2 Structure of fixed-cuvature LCDs.

JIIIIY,
DIII0Y,
JII944,

Fig. 3 Structure of alignment-controlling sandwiched spacer.
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layer. In addition, by making a film, the thickness of the
LC layer can be maintained. Furthermore, the LC
alignment is controlled by using surface alignment such
as anchoring based on the material characteristics of the

alignment-controlling sandwiched spacer [,

3. Fabrication of Alignment-Controlling
Sandwiched Spacer

Alignment-controlling sandwiched spacer must be
flexible and stretchable to follow curved surfaces, and
must be a peelable material to be sandwiched onto display
substrates. Polydimethylsiloxane (PDMS) was used as a
material that satisfies these requirements 19, LCs are
known to align perpendicularly with hydrophobic
materials. Since PDMS has poor wettability to LCs, LCs
are expected to align perpendicularly to PDMS.

Alignment-controlling sandwiched spacer was
fabricated to confirm alignment and electric field drive.
The alignment-controlling sandwiched spacer was
fabricated by transfer method using a mold. The structure
of the mold is shown in Fig. 4. The fabrication process of
alignment-controlling sandwiched spacer is shown in Fig.
5. First, a fluoropolymer, Cytop (CLT-809A, AGC), was
applied to the mold to facilitate peeling of PDMS. Next,
PDMS was dropped onto the mold and a glass substrate
was pressed onto it. The mold was heated (80°C, 1 hour)
to cure the PDMS, and then vacuumed to remove air
bubbles. Finally, the mold was removed.

The shape of the fabricated alignment-controlling

sandwiched spacer was confirmed by a confocal laser

oy,
5917 7

2umbum 2um

3u

Fig. 4 Structure of the mold.
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Fig. 5 Fabrication process of alignment-controlling sandwiched spacer.



ITE Trans. on MTA Vol. 12, No. 4 (2024)

Measurement point of B

Measurement pcunt of A

BI6 7T A Ay MEHEYT Y R A FAR—Y—DREIE R,

12467
0000
8000
6200
4000

2000

0000

0000 gpeg 0m T 2000 5000 10000

(a) Microscopic image of point A (b) Microscopic image of point B

BT 74 Ay MY RA Y FAR—S—DHHIIEA h L — 2,

754 AV MY Y KA v F AR—5—DH
EREROIRT., BENZEAN L —RA&2K]T
LTT KT7(@IZRT &I, UIBERCIE A
—EEIR3. S unDEREENFETLI L
#ﬁ%?MEOINMkaJO_\mm%ﬁ
EEHEPRODEALEX 2 KL TS,

4, EHER ETOLCT A A > EHT

l. RETIE, FREREDT T A 2 M
YRS Y FRAR=PIZBITBLDT T AV
MREEZEHZEL -, K8IL, HIEY AT L%ERL
TW3, HliEE, UTDX5I2, 71 VRENE
404y 7BREBMAULLOZEBN TS Z
CIZEVITS (DTHEINSEEEEZRBN TS,
(2)BEBEEHR CERRLEBHNT L. 3)F1

suAy 7aREBH LU LLORA T 5,
ROk, SRHEBHE UL 70y 7 ERIZEBLUT T
AV R EFRT,

CMOS camera Analysis

software
" l_Lth_e\;f:e Function
with dichroic dye generator

Liner polarization -————"g

Polarizing plate
Light source

M8 &4 7o v aKHEY AT LEEHUELOTNA A,

| ) ! I T I
| | Polarization Polarization
' direction ' direction
. | T et/ -
LC: L] LC: ==
Thickness3um LCalignment Thickness3um LC alignment
(b) polarization and

(a) polarizationand
LC alignment are vertical

LC alignment are parallel

EERE AL AR R A e v Ry LAV (v

TIHLLLELS [ Polycarbonate substrate |

(2) Placing polycarbonate substrate
onto the spacer and LCs

(1) Dropping LC

Glass Vacuum chamber

@ —
-~ .
e o
([ tolyearyonate | rowamonsesbme ]\
[ \

{4) Vacuum treatment foir
air-bubble removal

(3) Removing extra LCs by
sweeping using a glass plate

K10 RDTIA AV NBELTA NIV T T T4 T F VT AR—Y—5fF
AURMERETOR 2,

DT ZAAY ME, RUAIRCTSA AT
A IVIEDSERXNT VS, LIOFDERGHE % FEE
T57=012, 2 F v ZL0(E-T. LCC)DEAY %AW
oo 9wtk —EiEEE (G241, MREEMERR): lwthz

FEAUZ, R9O@IRLCT T4 AV N1 VRHDF
THEEZRLU, KIDIFLCT A4 A b TA VRHKD
FEMEZTRT, KI()IFEVRNEZRLTWS, K9(
DIHEIRINZ RS, 7 A hAA PRI, @k
BESFMNLCODFEFNZH > TEHTZ L X2
5, UMNoT, MABERIZLVLIDT Z1 AV MR
REIFASMMNITAIENTE S, FATOEAZKI0
2R, HIAERIZA VI LA XY (1T0) T
I—F 4 v 7INTW5, R H—RIr— FERIZA
VU AHSREREWI (120) T —F 1 VT XT3,
TI3ARAYNT 1 IVLDEN,

HoAER EIERIU 27 514 AV MY > R
WV FAR—Y—EIZLCZHE L, TOLEIZHRY —
RA—EREES, BEEF[X 27>/, KU —
AR — MERIIFHTH D, R H—FRr— MEK
&, AR—Y—EELRY —FRr— MER L DR
DRDCLCERET 22D ENSEEI X N/ZDT,
TR I—FRA— b EREFEHAL /-,

4.2 LT 51 AV F ORI

EfMREL T TOTNA ZOBEMEEG = KIIIRT, X
11(a)id. B11(b) & V) &HBRZKRINZRL TV,
R THEALLA 704y JBRIK TOREEA
EHDYEIT AT TH 5 A RO DR = H T 5,



ITE Trans. on MTA Vol. 12, No. 4 (2024)

Measurement point of B

Measurement point of A

Fig. 6 Measurement points of the alignment-controlling

sandwiched spacer.
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Fig. 7 Microscopic thickness trace of the alignment-controlling

sandwiched spacer.

scanning microscope. The measurement points of
alignment-controlling sandwiched spacer are shown in
Fig. 6. The microscopic thickness trace are shown in Fig.
7. As shown in Fig. 7 (a), it was confirmed that there was
a residual film of about 3.3 pm at the bottom of the spacer
in the cut area. As shown in Fig. 7 (b), the PDMS shape is
reflected the thickness and height of the mold shape.

4. LLC Alignment Evaluation on Flat

Substrates

4.1. Fabrication Method of flat Substrate Devices

In this section, the alignment state of LC in the
alignment-controlling sandwiched spacer on a flat
substrate was observed. Fig. 8 illustrates the measurement
system. The measurement is performed by irradiating line
polarized light onto an LC with dichroic dye as, as follows:
(1) Unpolarized light is irradiated from the lower side, (2)
linearly polarized with a transmitting polarizing plate, and
(3) irradiated onto the L.C with dichroic dye.

Fig. 9 shows LC alignment with dichroic dye
irradiated with line polarized light. This LC alignment

CMOS camera i
Analysis
software

- LhC dle\gce Function
with dichroic dye generator

Liner polarization -———'——'g

Polarizing plate

Light source

Fig. 8 LC device with dichronic dye measurement system.
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Fig. 9 LC with dichroic dye sample irradiated by polarized light.
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Vacuum chamber

Glass
«
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(4) Vacuum treatment foir
air-bubble removal

(3) Removing extra LCs by
sweeping using a glass plate

Fig. 10 Fabrication process without conventional alignment layers
and photolithography etched spacer.

consists of a polyimide LC alignment film. To identify
the alignment direction of LC molecules, a mixture of
nematic LC (E-7, LCC): 99 wt% and dichroic dye (G241,
Hayashibara Co., Ltd): 1 wt% was injected. Fig. 9(a)
shows the parallelism of LC alignment and line
polarized light; Fig. 9(b) shows the perpendicularity of
LC alignment and line-polarized light. Fig. 9(a) shows
high absorption. Fig. 9(b) shows low absorption. The
guest-host effect 1 occurs when dichroic dye molecules
are aligned along the molecular arrangement of the LC.
Therefore, the alignment state of the LC can be revealed
by polarized light observation. The injection process is
shown in Fig. 10. Glass substrate is coated with indium
tin oxide (ITO). Polycarbonate substrate is coated with
indium zinc oxide (IZO). There is no alignment film.

A drop of LC was on an alignment-controlling
sandwiched spacer fabricated on a glass substrate, a
polycarbonate substrate was placed on top of it, and a
vacuum was drawn. The polycarbonate substrate is
flexible. Because the polycarbonate substrate was swept
from above to remove excess LC between on the top of
the spacer and the polycarbonate substrate, the
polycarbonate substrate was used here.

4.2, Evaluation of LC Alignment

Microscopic images of the device under linearly
polarized light are shown in Fig. 11. Fig. 11 (a) shows
clearer light absorption than Fig. 11 (b). The dichroic
dye used in this paper has a property of strong light

absorption when its long axis direction is parallel to the
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Fig. 11 Microscopic images of the device.
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Fig. 12 LC alignment at residual film.

direction of linear polarization. This result implies that
the long axis of the LC molecules is aligned
perpendicular to the PDMS wall, which means that the
initial LC alignment is successfully controlled. As shown
in Fig. 12, the residual film may affect the LC direction.
However, wall regions with large areas between spacers
are affected by the wall alignment, and many LC
molecules are aligned perpendicular to the wall. The top
1ZO does not affect the LC alignment because it does not
create an LC alignment.

Fig. 13 illustrates the crossed-nicols measurement
model when the LC is aligned perpendicular to the glass.
Fig. 13(a) illustrates the crossed-nicols model for
vertically incident light. Fig. 13(b) illustrates the
crossed-nicols model for tilted incident light. A L.C device
is sandwiched between two crossed polarizing plates. If
the LC alignment and the incident light are parallel, no
retardation occurs. In contrast, if the LC alignment and
the incident light are not parallel, retardation occurs. As
shown in Fig. 13(a), light from the bottom passes

through the polarizer and becomes linearly polarized

View
point
' D
Cross Nicol (-/ (./
polarized
plate o
ass
s y
BRI ~ous 11 SN
Light 4
Source

(a)Verticalincident light  (b)Tilt incident light

Fig. 13 Schematic diagram of tilted incident light irradiation

under crossed nicols.
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\2 Polarization
direction

Polarization
direction

(a)Verticalincident light (b)Tilt incident light

Fig. 14 LC sample with crossed nicols measurement at vertical
and tilted incident light.

light. Without retardation, the polarized light passes
through the LC device, and the polarized light is
absorbed by the crossed polarizers at the top.
Conversely, as shown in Fig. 13(b), retardation occurs in
the tilted LC device; the linear polarization from the
bottom changes to the other polarization, and the light
transmits through the crossed polarizers at the top. Fig.
14 shows a LC sample with measured crossed nicols.
Fig. 14(a) is crossed-nicols measurement of vertically
incident light. Fig. 14(b) is a crossed-nicols measurement
with a tilted incident light. As shown in Fig. 14(a), light
is absorbed in the vertically incident light-crossed nicols,
as shown in Fig. 13(a). Also, as shown in Fig. 14(b), light
is transmitted at the tilted incident light-crossed nicols,
as in Fig. 13(b). Thus, the LC devices are aligned
vertically, as assumed in the model in Fig. 13.

The microscopic images of linearly polarized light
incident on the device to which the voltage was applied
are shown in Fig. 15. Glass substrate is coated with ITO.
Polycarbonate substrate is coated with IZO. There are
no alignment film. Thus, electrode is not affect
alignment Fig. 15(a) with 0 Vrms applied and Fig. 15(b)
with 10 Vrms applied shows clearer light absorption
than Fig. 15(c) with 20 Vrms applied and Fig. 15(d) with
30 Vrms applied. This result implies that the long axis
of the LC molecules is aligned perpendicular to
substrates. The voltage transmittance characteristics
are as shown in Fig. 16. This transmittance includes
PDMS wall. Fig. 16 indicates that the light absorption is

LC part LC part
’ f
‘ Polarization
direction
(a) oV (b) 1ov

Cpa

| " |
LAY 'ii TR

(c) 20V (d) 30V

Fig. 15 Microscopic image of the device when voltage is applied.
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Fig. 16 Voltage transmittance characteristics of the device.

weakened from about 18 Vrms. This trend is matched to
Fig. 15 absorption. This measurement was performed
with light at 560 nm, the wavelength of maximum
absorption of the dichroic dye. These results mean that
the LC alignment has been successfully controlled by the
application of voltage. The high voltage required is due
to the large electric field applied to the residual film
below the spacer.

4.3. Reduce Drive Voltage by thinner residual film

To reduce the drive voltage, the residual film of the
alignment-controlling sandwiched spacer was thinned by
the LTIL (Liquid Transfer Imprint Lithography) 2. The
method of thinning the residual film by the LTIL is
shown in Fig. 17. Usually, more than the right amount
of liquid is dropped onto the substrate, resulting in a
non-uniform film. Peel-off and pressing make the film
thickness uniform and reduce the amount of residual
film by using the right amount of liquid. Peel-off and
pressing are performed with a drop of liquid, so the film
will not break.

The mold is pressed onto the substrate coated with
PDMS. Peel off the mold from the substrate. Replace the
mold to another substrate. Repeat peeling and replacing
the mold. By performing these processes, excess PDMS is
removed. A confocal laser scanning microscope image of
the alignment-controlling sandwiched spacer fabricated
by LTIL is shown in Fig. 18 which same as Fig. 7(a).

As shown in Fig. 18, the residual film was found to be
reduced to 3.3 pym. The voltage transmittance
characteristics of the device fabricated using this
alignment-controlling sandwiched spacer by the same
procedure as Fig. 19 are shown in the following figure.

Fig. 19 shows the voltage transmittance characteristics of

Mold
\

PDMS A ‘
N

(1)Press the mold

(2) Peel off the mold (3) Replace the mold
onto the PDMS

to another substrate

Fig. 17 Thinning of residual film by LTIL.
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Fig. 19 Voltage transmittance characteristics of the device
fabricated with LTIL.

the device fabricated with LTIL This transmittance
includes PDMS wall. The light absorption is weakened
from about 6 Vrms Therefore, the drive voltage is
reduced to about one-third than 18 Vrms in Fig. 16 by

LTIL, resulting in lower voltage.

5. LC Alignment Evaluation on Curved
Substrates

5.1. Fabrication Method of Curved Substrate
Devices

Until now, we have fabricated devices on flat
substrates to confirm LC alignment and voltage
response. However, to realize fixed-curvature LCDs, it is
necessary to transfer the alignment-controlling
sandwiched spacer from flat substrates to curved
substrates. Therefore, we fabricated a curved substrate
device using a watch glass with a diameter of 45 mm
and a depth of 6 mm as a substrate. The fabrication
method is shown in Fig. 20. and is described as follows:
(a) Peeling off spacer (b) Transfer spacer (c) Placing
spacer on top of watch glass (d) Dropping LC (f) Placing
upper layer. In Fig. 20(a), the spacer is fabricated using
the same method as in Fig. 10. Thus, the spacer has
residual films, as shown in Fig. 6. LC alignment is
affected by residual films, as shown in Fig. 12. In Fig.
20(e), the upper layer was watch glass for the no-
applied-voltage LC alignment measurement and
squeezed PDMS film for the applied-voltage LC



Paper » Fabrication of Alignment-Controlling Sandwiched Spacer with Polysiloxane Elastmer for Fixed-Curvature Liquid Crystal Displays

Alignment-controlling

. ) sandwiched spacer
Alignment-controlling

/sandwiched spacer

[Glass substrate ]

Glass substrate

(a) Peeling off spacer (b) Transfering Spacer

s Liquid Crystal  Watch glass
@Watch glass \'/ or Squeegeed PDMS film

N IS

(c) Placing spacer on (d) Dropping LC  (e) Placing upper layer
top of watch glass

20 BHEERT N ZADERE T O v 2

Upper layer
(Watch glass or Squeegeed PDMS film)

" | iquid Crystal
"\Alignment-controlling
sandwiched spacer

Silver nanowire
Watch glass

21 =T U 7= B4RT N1 ADREE

2L EERT N A0 EE2RT, 751

Y REGETEY Y RA Y F AR — L
g, B U1 v —, BEAo A, BB
HTAEITRIPDMS 7 4 W A) THRENT NS,

75y NEREIEREUZT 540 A2 MY Y R
VFAR—Y—2 TV FHTALIIKET S, RIZ,
99 wt¥% E-T&1 wt% GAIDEEMETHET U=, &EIZ,
THEREFU T4 v F I A% EIZEW,

FUBEE 75 A T2ODMMN > -EREEHT 5
Z & T, EREICBENELU S, Ty v THEL
72356, 2OOHMEERBOLCEEFEIT 5 72012
EBIIBVEENLEL RS, TI T, FTEER
IR 2 A, EEREMRIZPDMS & AV, EEEIN
DT NA 2L U THEERT /N1 AE/ERU 7=,
PDMS % Ef & UTHWA Z & T, PDMSOZERM4IZ
£V, 20DEREDIRME % [E#9 5 Z L AVATEE
LB, RRETIX. 77 AF v 7 ERPEKME
PDMS DU - BZARIZIIG U 72887 ) 7 1 ¥ —Acti
vegrid Ink Gen 5(C3 nano Inc.)% &L L TE
UK, 8iBd—7 1 VI DHEEER2IIRT,
ZUT, UFD &S iciEikInd, (a) 8RF-/ 7
1YV —BEDOET, D)o A2E T L
TILEM%, (¢) IBAZEEFL THRREERIE 5,

Silver

nanowire " o>
solution watch (“ — )
g Glass ")

(2) Spreading by tilting  (3) Volatilizing the solvent
watch glass by sending warm air

(1) Dropping silver
nanowire solution

22 BEOEAHE

IDIA—F 4 VIETIER, AR—Y— L SMAIBBRE DT
IFHIKQTH B, B VA Y —I3EEETI—F 1 v
XNTVBED, DT I AY MIFEBEEZ RV E
26h3,

B> ) UA VAR HEER EIZET U,
HHIEENR 28 TR 72, BIEIERZ%E(E
UCHERIEZ, 887 74 v —EMmIE. [
UFIECTPDMSEMR IR L 7=,

5.2, LCY 54 A b

X231%. 2DDEEH S ATERL T N1 2%
EftEtE T CERL ZBEEETH S, X230
5. 7794 AVMHENZ X282 RA v FAR—
JOBEINER XN TWB I eDbhd, X612,
X123 (a)1&X23(b) & V) & BRI Z /R U TV
5, ZOFERIE. LCAFDFEEAPDMSEE IZEEIZ
WATWEZ L EREBL TS, PDMSD_EEBDEE
& EED ST ADMIZRENH B, K24D X512,
Xy v TN LEDHZATEIIL TN, EEZ S,
XI25. 1%, EEZEMU ZPDMSENR % T /81 A
AR I EMREEDBEMEEETH S, M
25(a)1ZX25(b) & b U THIRINE R L TV B,
ZOFERIZ, LA TFOREMNERIZN U TEE
IZHATWBEZ L ERLTWS,

LC part

LC part

Polanzanon
direction

Polarlzatlon
direction

10um

(a) Pol.: 0 deg (b) Pol. : 90 deg

23 EEEM TN ADFEHHE .

K24 fERDT A AV NBLE T A NIV IS TA TV F VT AR—Y—%
EALURNMER T OR 2,



Paper » Fabrication of Alignment-Controlling Sandwiched Spacer with Polysiloxane Elastmer for Fixed-Curvature Liquid Crystal Displays

Alignment-controlling
sandW|ched spacer

Alignment-controlling ,,,/ //
_sandwiched spacer ,,fjff’

/
Glass substrate
(a) Peeling off spacer (b) Transfering Spacer

Watch glass
or Squeegeed PDMS film

VN
rrezey quw\;ry,sta

L1Watch glass

—~ S~

(c) Placing spacer on (d) Dropping LC
top of watch glass

(e) Placing upper layer
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Fig. 21 Curved Substrate Devices structure.

alignment measurement. Fig. 21 illustrates the
structure of a curved substrate device. The alignment-
controlling sandwiched spacer and the liquid crystal are
sandwiched between silver nanowire, watch glass, and
an upper layer (watch glass or squeezed PDMS film).

An alignment-controlling sandwiched spacer
fabricated on a flat substrate is replaced on a watch
glass. Next, a mixture of 99 wt% E-7 and 1 wt% G241
was dropped. Finally, the same watch glass as the lower
substrate was placed on top.

The use of two curved substrates with the same watch
glass creates a gap between the substrates. If a gap is
created, a very high voltage is required to drive the LC
between the two curved substrates. Therefore, we also
fabricated curved substrate devices using a watch glass
for the lower substrate and PDMS for the upper
substrate as devices for voltage application. By using
PDMS as a substrate, the flexibility of PDMS makes it
possible to avoid gaps between the two substrates. This
report, silver nanowires Activegrid Ink Gen 5(C3 nano
Inc.) were used as electrodes, which are compatible with
the shrinkage and expansion of plastic substrates and
water-repellent PDMS. The electrode coating method is
shown in Fig. 22. And described as follows. (a) Dropping
silver nanowire solution. (b) Spreading by tilting watch
glass. (¢) Volatilizing the solvent by sending warm air.

In this coating method, the resistance between the

231

Silver
nanowire
solution

e
>// Watch
(A\j glass

(1) Dropping silver
nanowire solution

(2) Spreading by tilting
watch glass

(3) Volatilizing the solvent
by sending warm air

Fig. 22 Electrode application method.

spacer and the outer electrode is approximately 5 kQ.
Silver nanowires are not expected to affect LC
alignment, since the nanowires are coated with a
protective layer.

The silver nanowire solution was dropped onto the
curved substrate and spread it by tilting the curved
substrate. The solvent was volatilized by sending warm
air. Silver nanowire electrodes were formed on PDMS
substrates by the same procedure.

5.2. Evaluation of LC Alignment

Fig. 23 shows microscopic images of the device
fabricated with two watch glass under linearly polarized
light. From Fig. 23, it can be seen that the structure of
alignment-controlling sandwiched spacer is maintained.
Furthermore, Fig. 23 (a) shows clearer light absorption
than Fig. 23 (b). This result implies that the long axis of
the LC molecules is aligned perpendicular to the PDMS
wall. There is a gap between the top PDMS wall and top
glass. It is thought the gap LC is aligned by the top glass
as Fig. 24.

Fig. 25. shows microscopic images of linearly polarized
light incident on the device with PDMS substrate to
which the voltage is applied. Fig. 25 (a) shows a light
absorption compared to Fig. 25 (b). This result indicates
that the long axis of the LC molecules is aligned

perpendicular to the substrates. However, absorption of
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Polarization | Polarization
direction direction

10um

90 deg

(a) Pol.: 0 deg (b) Pol. :

Fig. 23 Microscopic images of the curved substrate device.

i = — __'
Eimceral \l mu-
Base~—= -
--

--

Fig. 24 Fabrication process without conventional alignment layers

and photolithography etched spacer.
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Fig. 25 Microscopic image of curved substrates device when

voltage is applied.

light by the dichroic dye was observed near the wall,
indicating that the LC driving voltage was insufficient.
This may be due to high resistance caused by
insufficient electrode formation, and insufficient voltage
application to the LC. In these ways, we have achieved

alignment control of LCs on curved substrates.

6. Conclusions

In this paper, we proposed and fabricated alignment-
controlling sandwiched spacer to realize a fixed-
Curvature LCD. As a result, we fabricated devices in
which the alignment of the LC can be controlled without
using an alignment film due to the surface alignment
effect using PDMS. We also used this spacer in an LCD
fabricated with a curved substrate, and showed that LC

alignment can be controlled.
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