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Relationship between surface order and surface azimuthal anchoring strength of nematic liquid
crystals
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The liquid-crystal molecular order near the rubbed polymer surface is reexamined by the improved torque
balance method. The surface azimuthal anchoring strength measured by the improved torque balance method
is several times larger than that believed conventionally, considered to be significantly affected by the phase-
transition behavior. Based on this result, it can be argued that the correlation between the rubbing strength and
the surface azimuthal anchoring strength should be improved in consideration of the mechanism of surface
order.
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[. INTRODUCTION in the isotropic phase. This birefringence is sensitive only to
. - . : : the short-range force.

The tgchmqye of |IC|UId-.CI‘ijtE(LC) gllgnment IS an im- Several mgthods for measuring the surface azimuthal an-
porta|:1t issue in the fabrication O.f liquid-crystal dISpIaySchoring strength have been proposed, including the Néel wall
(LCD's). Among the many techniques proposed for LC nethod15,16, the torsional torque balance methdd, 18,
alignment, the rubbing method is at present the most widelyng the improved torque balance methdd). It has been
used in industry. The rubbing method involves rubbing théshown that the resultant surface azimuthal anchoring strength
polymer-coated substrate surface against a cloth, and despfigeasured by the conventional torque balance method and the
being a somewhat antiquated technique, the detailed mechgnproved torque balance method differs for an LCD consist-
nism of LC alignment by the rubbing process has yet to bang of the liquid-crystal MLC-205XMerck) and the align-
reported. Recently, the alignment mechanism has been renent film PVCi(polyvinyl cinnamat@[19]. It is thought that
ported to be the result of geometric effects of structures sucthis discrepancy is due to the adsorption of liquid-crystal
as grooveg1-5 or a uniaxis expanding effect of the poly- molecules on the alignment film.
mer film [6-1Q. Although uniform LC alignment can be In this study, the relationship between the surface order
readily achieved by the rubbing method, the method doegnd the surface azimuthal anchoring strength of the nematic
present a number of problems, including the generation okC is examined in detail. The surface azimuthal anchoring
dust and static electricity. strength is measured using both the conventional torque bal-

A range of alignment techniques have been proposed ance method and the improved torque balance method, and
potential replacements of the rubbing method, including phothe relationship between the surface azimuthal anchoring
toalignment[11], oblique evaporatiofil2], and a polyimide strength, surface order, and phase-transition characteristics is
Langmuir-Blodgett(LB) film method[13]. The photoalign- discussed. The surface azimuthal anchoring strength is reex-
ment method is particularly promising as a next-generatio@mined in light of the present results, and an appropriate
method. However, photoalignment is thought to provide onlymeasurement method is proposed from a physical viewpoint.
weak anchoring strength with zero pretilt angle at the sub-
strate surface. Il. EXPERIMENT

In recent years, many types of LCD’s have been proposed Two alignment films, polyvinyl alcoholPVA) and poly-
and developed, and these displays have become very populanide (Pl), were applied to glass substrates. The pretilt
in a range of applications such as cellular phones, personahgles generated by the rubbing method were approximately
computers, and televisions. In the fabrication of LCD’s, the0°® and 4° for PVA and PI, respectively, measured by the
quality of surface treatment is very important, as factors suclerystal rotation method20]. Surface alignment was per-
as anchoring strength and pretilt angle affect the image quaformed by the rubbing method in order to make TN cells and
ity and the driving characteristics. Hence, extensive researcantiparallel homogeneous cells. Uchigtzal. showed that the
has been conducted on methods of surface treatment. relationship between the surface azimuthal anchoring

In 1979, Miyano showed that wall-induced pretransitionalstrength and the rubbing strength can be defined in terms of
birefringence is a valuable phenomenon for studying the oria rubbing strength parametf21,22. The rubbing strength
enting forces of LC molecule§7,14]. In particular, wall- L (mm) is given by
induced pretransitional birefringence indicates the orienta- -
tional order parameter at the boundary, and can be measured L= NI(l +—>,

1)

whereN is the cumulative number of rubbing pasdegnm)
*Electronic address: shioka@gm.hrl.hitachi.co.jp is the contact length of the circumference of the rubbing
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1 . 1 . 1 FIG. 3. Polarizing micrograph of the N-I transition in a cell with
30 PVA and 5CB.
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FIG. 1. Dependence of LC cell retardation on temperature h It is th ht that the ch istic ph i
around the N-I transition for PVA and 5CBnse) Magnification of phase. It Is thought that the characteristic phase-transition

the region near the phase-transition temperature. behavior depends on the wettability between the LC and the
alignment film in the nematic phase, as well as the surface
roller; n (rpm) is the rate of roller rotationy (mm) is the  order[25].
roller radius, andv (mm/9 is the velocity of the substrate Second, the surface azimuthal anchoring strength was
stage. Beads of z+#m diam were used as spacers. The LCmeasured by the conventional torque balance method and the
substances used in this study were 4-cyanoimproved torque balance method. In the case of the conven-
4'-n-pentylbiphenyl (5CB) (T,=35.5°Q, MLC-2051 (T, tional torque balance method, the surface azimuthal anchor-
=68.0°Q, and ZLI-4792 (T,=92.0°Q, all supplied by ing strength can be calculated from the director’s twist angle
Merck Co. Ltd. The LC was injected into the cell in the of the TN cell. For measurement by the improved torque
isotropic phase by capillary action. The behavior of the surbalance method, the initial sample setup should be a homo-
face LC on the alignment film was observed in three experigeneous cell rather than a TN cell. A spatially uniform planar
ments. First, the phase-transition behavior was observed ugell was cooled below the IN transition, allowing the mol-
der an optical polarization microscope. This techniqueecules at the surface to align along easy axes. After three
visualizes the transformation of the LC from the isotropicdays, one substrate was rotated by 90° and the rotation angle
phase to the nematic phase, the characteristics of which vawf the liquid crystal was measured. Here, the twist angle of
depending on the type of LC and alignment treatn@d].  the TN cell was measured using a polarization-modulated
In the case of bulk transition, as the temperature decreasgpectroscopic ellipsomet¢PMSE (M-150, Jascp The ac-
from the isotropic phase, the nematic phase appears as circural thickness of the LC layer was determined by ellipsom-
lar domains of size equivalent to the thickness of the LC celletry at the same timg23]. It has already been confirmed that
In the case of surface transition, however, the field of viewthe twist angle and cell gap measured by this method incur
becomes gradually brighter as a result of pretransitional bean error of less than 0.1% when the pretilt angle at the sub-
havior, followed by the uniform appearance of the nematicstrate surface is less than 5°. The pretilt angle of the PI

surface was neglected in the present experiments. Using the
o) -] experimental results, the surface azimuthal anchoring
)
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FIG. 2. Dependence of LC cell retardation on temperature
around the N-I transition for PVA and MLC-205({insed Magnifi- FIG. 4. Polarizing micrograph of the N-I transition in a cell with
cation of the region near the phase-transition temperature. PVA and MLC-2051.
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TABLE |. Behavior of isotropic-nematic phase transition with
and without rubbingalignmenj treatment.

LC Rubbed Unrubbed

5CB Surface transition Surface transition
MLC-2051 Bulk transition Bulk transition
ZLI1-4792 Surface transition Bulk transition

fringence was observed in both experiments, with different
results for the measured absolute birefringence. In this paper,
the retardation measured in this temperature range is referred
to as the residual retardation. From preliminary experiments,
the temperature adopted for measurement of the residual re-
tardation was set at 36.5°C for 5CB and 77.0°C for MLC
2Ky -2051.

¢~ d sin 2Ad’ @

FIG. 5. Polarizing micrograph of the N-I transition in a cell with
PVA (unrubbedg and 5CB.

I1l. RESULTS AND DISCUSSION
whereK,, is the twist elastic constand, is the actual thick- ) o )
ness of the LC layer, and, is the actual twist angle of the ~ Figures 3 and 4 show polarizing micrographs of the phase

director throughout the celAd is given by transitipn in the SCB anq MLC-2501 cells with PVA align.—
ment film after rubbing with a cotton cloth. The difference in
AP = (I)? - d, 3) the behavior of the phase transition can be easily recognized

in this figure. In the case of 5CB, as the temperature de-

where q;? is the angle between the easy axes of the subcreases from the isotropic phase, the boundary line between
strates. 5CB and MLC-2051 hawé,, values of 5.50 and the nematic phase and the isotropic phase moves at a con-
4.09 pN, respectively. stant speed until the entire region reaches the nematic phase,

Finally, the surface order was evaluated by measuring théndicating that the transition begins in the vicinity of the
remnant order at the surface in the isotropic phase. In a pepubstrate. In contrast, for MLC-2051, nematic droplets form
fectly isotropic condensed phase, the optical retardatiogPoradically as the temperature of the LC sample decreases
should be zero. However, the retardation of the LC cell is nobelow the phase-transition temperature. These droplets
zero even when the LC is in the isotropic phase, and th@radually become larger, eventually merging and coming to
greater the retardation of the LC cell in the isotropic phase@ccupy the entire region and complete the transition. This
the h|gher the order parameter at the surface. This is Ca”e@EhaVior indicates that the transition begins in the LC bulk. It
wall-induced pretransitional birefringence, and is usuallyis thought that the wettability between the LC and the align-
measured using an e||ipsometer with an He-Ne laser. ment film is relatively high in the former case, while in the

Figures 1 and 2 show examp|e results for the temperatur@tter case the Wettability is relatively low and/or the bulk
dependence of retardation near the nematic-isotropic Ndransition temperature is different from the surface transition
transition temperature for PVA alignment film and a rubbing
strengthL of 2146 mm. The LC’s used in these cases were J " T " T
5CB (Fig. 1 and MLC-2051(Fig. 2). The phase-transition %

—
<
©
T

temperatures of 5CB and MLO-2051 in this study were 33.0
and 74.0°C, respectively. Wall-induced pretransitional bire-
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FIG. 7. Surface azimuthal anchoring strength measured by the
improved torque balance meth@dpen circley and the conven-

FIG. 6. Polarizing micrograph of the N-I transition in a cell with tional torque balance methddlosed circlesas a function of rub-
PVA (unrubbeg and MLC-2051. bing strength for 5CB and PVA.
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FIG. 8. Surface azimuthal anchoring strength measured by the ri 10 Residual retardation vs rubbing strength for 5CB and
improved torque balance methddpen circleg and the conven- p;

tional torque balance methddlosed circlesas a function of rub-

bing strength for 5CB and PlI. residual retardation. Figures 9 and 10 shows the rubbing
strength versus the residual retardation of 5CB measured un-
temperature since the MLC-2051 is a mixture of LC’s. der the same conditions as for Figs. 7 and 8. These results

Figures 5 and 6 show photographs of the phase transitiodlemonstrate that there is a relationship between the residual
for 5CB and the MLC-2501 with unrubbédnaligned PVA  retardation and the measured surface azimuthal anchoring
film. Although no alignment treatment was applied to thestrength.

PVA, the behavior of the transition is similar to the case for Figures 11 and 12 show the dependence of the surface
the rubbed substrates. ZLI-4792, however, exhibited differ8zimuthal anchoring strength on rubbing strength for MLC
ent transition behavior depending on the alignment of the2051 with PVA and P1 alignment films, respectively. Mea-
substrate. The observed phase-transition behaviors are sufirements were made under the same conditions as for Figs.
marized in Table I. These experimental results imply that the/ @nd 8. The anchoring strength measured by the conven-
behavior of the transition is determined by the type of Lctlongl torque balance method varies with rubbing strength in
and alignment film and alignment treatment. a similar manner to Figs. 7 and 8. However, the surface

Figures 7 and 8 show the dependence of the surface aZ#imuthal anchoring strength measured by the improved
muthal anchoring strength measured by the conventiondPraué balance method does not exhibit such a strong depen-
torque balance method and the improved torque balancéence on the rubbing strength. Figures 13 and 14 show rub-
method on the rubbing strength. These results were obtainddnNd strength versus residual retardation for MLC-2051 and
for 5CB as the LC and for PVA and P as the alignment film.5CB. Only the residual retardation of MLC-2051 exhibits a
The surface azimuthal anchoring strength measured by bof#ePendence on the rubbing strength.
methods varies with the rubbing strength, but that measured Figures 15 and 16 show the relationship between the re-
by the improved torque balance method is significantlySidual retardation and azimuthal anchoring strength for 5CB

higher. This difference is interpreted as being related to the T v T g T

T T T T T (\E‘ 10 .
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Rubbing Strength [mm)] FIG. 11. Surface azimuthal anchoring strength measured by the

improved torque balance meth@dpen circley and the conven-
FIG. 9. Residual retardation vs rubbing strength for 5CB andtional torque balance methddlosed circlesas a function of rub-
PVA. bing strength for MLC-2051 and PVA.
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FIG. 12. Surface azimuthal anchoring strength measured by the
improved torque balance meth@dpen circley and the conven-
tional torque balance methadlosed circlesas a function of rub-
bing strength for MLC-2051 and PI.

FIG. 14. Residual retardation vs rubbing strength for was 5CB
and PI.

surface-type LC transition, the alignment of the LC mol-

with PVA and P! alignment films, respectively, measured byecules is memorized at the substrate surface when the tem-
the improved torque balance method. Figures 17 and 1Berature of the LC cell cools down from the isotropic phase
show the relationship between the residual retardation antp the nematic phase, aligning the easy axis parallel with the
azimuthal anchoring strength for MLC-2051 with PVA and rubbing direction. However, in the case of the bulk transi-
Pl alignment films, respectively, measured by the improvedion. the LC molecules of the TN cell are not adsorbed onto
torque balance method. It was easily recognized that the bdl€ substrate surface. After the LC molecules in the bulk
havior of the azimuthal anchoring strength is a significant!@ve completed the transition to the nematic phase, the sur-
difference between the 5CB and the MLC-2051. In the casé2c€ LC becomes adsorbed onto the alignment film and elas-
of the 5CB, the azimuthal anchoring strength dependdic torque from the bulk causes the alignment axis to deviate
strongly on the residual retardation, while in the case of thd"om the rubbing direction. This behavior therefore indicates
MLC-2051, the azimuthal anchoring strength does not de& deviation of the easy ax[6]. However, it is thought that
pend on the residual retardation. LC transition behavior is determined by both the wettability
In all of these experiments, the surface azimuthal anchor@nd the surface order induced by alignment treatment.
ing strength measured by the improved torque balancE!ence, the surface azimuthal anchoring strength measured
method is higher than that measured by the conventiondly the conventional torque balance method in fact reflects
torque balance method. As described in the previous papéPe dependence on the residual retardation and/or rubbing
[19], the improved torque balance method provides a mor&trength. . .
accurate measurement of the azimuthal anchoring strength in The present results obtained by the improved torque bal-

line with the true physical definition, taking the adsorption@nce method show that the adsorption of 5CB is stronger
effect of the surface into consideration. In case of thethan for MLC-2051, and that the surface azimuthal anchor-
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FIG. 15. Azimuthal anchoring strength measured by the im-
FIG. 13. Residual retardation vs rubbing strength for MLC- proved torque balance method vs the residual retardation for 5CB
2051 and PVA. and PVA.
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FIG. 16. Azimuthal anchoring strength measured by the im- FIG. 18. Azimuthal anchoring strength measured by the im-
proved torque balance method vs the residual retardation for 5CBroved torque balance method vs the residual retardation for
and PI. MLC-2051 and PI.

ing strength of 5CB is dependent on the rubbing strength
dependence whereas that for MLC-2051 is not. This is conchoring strength does not depend on the rubbing strength for
sidered to be due directly to the difference in I-N phase tranthese types of LC’s; only the residual retardation is depen-
sition behavior, as described schematically in Fig. 19 . Wherflent on the rubbing strength. The transition behavior itself
an ordered nematic layer is formed in the vicinity of the appears to be determined by the wettability of the nematic
alignment film surface at temperatures near the N- transitiohC and the surface order.

point, as is the case for 5CB, it is natural that the order Consequently, even though the same alignment film may
parameter of the surface nematic LC layer depends on thee used, the effect of the rubbing strength on the surface
surface anisotropy of the rubbed alignment film. As a resultazimuthal anchoring strength depends on the type of LC. The
the surface azimuthal anchoring strength depends on the rupresent findings also reiterate that the conventional torque
bing strength. In contrast, a lack of wettability between thebalance method and the Néel wall method, etc., are not ap-
LC and the alignment film, as seen for MLC-2051, preventsplicable for measurement of the surface azimuthal anchoring
the formation of such an ordered nematic layer in the vicinitystrength. Any method for measuring the surface azimuthal
of the alignment film, even at temperatures below the N-lanchoring strength accurately must consider the importance
transition point. After the nematic droplets grow and finally of adsorption, as do the improved torque balance method and
contact the alignment film surface, the interface between thtéhe alignment transcription meth¢a7].

nematic layer and the alignment film is formed. In this case,

the azimuthal anchoring strength is strongly affected by the

bulk order, while the surface anisotropy of the alignment film order by surface order by surface

may have a small influence on the azimuthal anchoring
strength. Therefore, it seems that the surface azimuthal an-

3x10™

nematic phase nematic phase

Surface transition LC

2x107

order by bulk

B 110k .

Anchoring Strength [J /m?)

1 2 1
0.5 i
Residual Retardation [deg] nematic phase Isotropic phase

Bulk transition LC

FIG. 17. Azimuthal anchoring strength measured by the im-

proved torque balance method vs the residual retardation for FIG. 19. Two modes of transition from isotropic to nematic
MLC-2051 and PVA. LC.
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IV. CONCLUSIONS polymer films and the effect of surface treatments such as
Experiments and discussion on the isotropic—nematicrUbb'”g' It was shown to be important to consider not only

phase-transition behavior provided a clear interpretation of® Surface wettability on the alignment films but also the

the relationship between the surface order and the surfacd!lface order formed by surface treatment. Most importantly,
azimuthal anchoring strength. The results confirm the inadbowever, the present experiments clearly demonstrated that

equacy of the conventional torque balance method for medhe characteristics of both the alignment film and the liquid
surement of the surface azimuthal anchoring strength, anéfystal should be taken into consideration in developing and
demonstrate the necessity of understanding the behavior ¢fning LC fabrication processes.
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