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Controlling the orientation of microgrooves and the depth of the ripple structure in dye-doped liquid
crystal cells
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aFaculty of Physics, University of Craiova, Craiova, Romania; bPhysics Department, Faculty of Applied Physics, University

Politehnica of Bucharest, Bucharest, Romania

(Received 1 October 2009; final version received 12 November 2009)

The permanent structure induced by an Arþ linearly polarised laser beam on an asymmetric dye-doped nematic
liquid crystal cell was investigated in a pump-probe experiment. The polarisation direction of the probe beam was
parallel to the easy axis and two configurations of pump beam were used: polarisation directions perpendicular and
parallel to the easy axis. The transmitted intensity of the probe beam was recorded during irradiation and it was
observed that it depended both on the power and polarisation direction of the pump beam. We explained the
evolution of the transmitted intensity and evaluated the start time of formation of the ripple structure. The induced
permanent structure in the irradiated zones and the laser-induced surface morphology was studied using a
polarising optical microscope and an atomic force microscope, respectively. The surface morphology in the
irradiated zones was also dependent on both the power and polarisation of the Arþ laser beam. The orientation
of the microgrooves in the ripple structure was parallel to the polarisation direction of the pump laser beam in both
configurations. For a given pump power, the depth of the ripple structure was greater in the case of an Arþ beam
polarised parallel to the easy axis. The induced azimuthal anchoring energy provided by the ripple structure was
evaluated.
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1. Introduction

The photo-alignment effect in dye-doped liquid crystal

(DDLC) films induced by a laser beam has become

important in recent years because of its potential

applications in the LC display industry. If the align-

ment of LCs is performed by rubbing a polyimide/

polymer film coated on glass plates problems can

result due to static electricity, dust particles and

other residues on the rubbed surface. These problems
may be avoided by using the photo-alignment method

[1]. Photo-alignment can be achieved by doping azo

dyes into LCs. Lucchetti et al. [2] and Fuh et al. [3]

observed the dye-induced LC reorientation on the sur-

face with and without polymer coating, respectively.

Under proper irradiation with blue-green light,

methyl-red (MR) molecules tend to be adsorbed on

to the surface of the substrate, reorienting the LC
molecules into a new permanent configuration [4].

The surface morphology of the adsorbed substrate

has been studied by Lee et al. [5] and three different

morphologies were observed: a homogeneous and fine

layer of adsorbed dyes; a layer with microgrooves; an

inhomogeneous ribbon-like and rough adsorbed

layer. The first and second types of layer dominate in

the early and late stages, respectively, in a weak-inten-
sity regime, tending to reorientate the LC perpendicu-

lar and parallel to the polarisation direction of the

pump beam. The last type of layer dominates in a

strong-intensity regime, possibly severely disturbing

the orientation of the LC.
The biphotonic laser-induced ripple structure on

DDLC films has been studied by Fuh et al. [6]. In a

recent paper, Huang et al. [7] reported on the

dynamics of photo-alignment in azo dye-doped LCs.

The aim of our study was to investigate the photo-

alignment effect induced by an Arþ linearly polarised

laser beam on a sandwich glass cell filled with 40-n-

pentyl-4-cyanobiphenyl (5CB) doped with MR in a
pump-probe experiment. The polarisation direction

of the He-Ne probe beam was parallel to the easy

axis induced by rubbing one of the two polymeric

films coated on to the glass plates. The photo-align-

ment effect of the pump Arþ laser beam was studied

for various powers of the pump laser and for polarisa-

tion direction of the pump beam parallel and perpen-

dicular to the easy axis. The evolution of the
transmitted intensity of the probe beam during irra-

diation was explained taking into account the photo-

alignment effect and the dichroism of the MR mole-

cules. The images of the sample in the pumped areas

obtained by using a polarising optical microscope

(POM) confirmed the results of the pump-probe

experiment. The irradiated zones were studied by

atomic force microscopy (AFM) and the surface
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morphology depended on the power and polarisation

direction of the Arþ laser beam. The spacing and

depth of the laser-induced ripple structure were also

measured and the azimuthal anchoring energy was

evaluated.

2. Experimental procedure

The measurements were carried out at a temperature
of 25�C using a standard sandwich glass cell filled with

a mixture of a nematic LC 5CB and azo dye MR as a

dopant (dye concentration was 1.5% wt).

The thickness of the cell was 23 mm (obtained by

using Mylar spacers). The inner surface of the glass

plates were previously covered with a thin polymeric

film using a spin-coating method. The monomer, poly-

vinyl alcohol (PVA), was dissolved in water at a con-
centration of 1.5% wt. The PVA solution was spin-

coated on to the glass plates, baked at 120�C for

60 min and then cooled at room temperature. An

easy axis was induced by rubbing one surface in a

unique direction. This orientated surface (or reference

surface, SR) imposed the planar orientation of the

nematic director for the whole cell in the initial state.

The other surface (command surface, SC) is quasi-
isotropic and in our experiments the exciting laser

beam impinged through it. The optical arrangement

used for the pump-probe experiment is schematically

shown in Figure 1. This new experimental set-up was

an improved version of that used in Voloshchenko

et al. [8]. The cell was placed normal to the exciting

beam of the Arþ laser (l ¼ 476.5 nm; power Pexc was

varied between 5 and 30 mW; the irradiation time was
fixed at 9 min). The irradiation time was very short

compared with that used by Lee et al. [5] (i.e. 3 h). The

diameter of the Arþ laser spot on the cell was about

2 mm and the mean intensity of the pump beam in the

irradiated areas was between 160 and 960 mW cm-2

(corresponding to 5 and 30 mW, respectively), which

are typical for a strong-intensity regime. The direction

of rubbing on SR was along the vertical axis. The
measurements were carried out for two configura-

tions: an Arþ laser beam polarised vertically and hor-

izontally. The polarisation direction of the beam

emerging from the Arþ laser was vertical and in the

case of irradiation of the cell with a beam that must be

polarised vertically, the half-wave plate (l/2) was

excluded from the experimental set-up and the polari-

ser P2 had a vertical transmission direction.

The other configuration was obtained by using the

half-wave plate placed such that one of the neutral
lines made an 45� angle with the vertical direction

and the polariser P2 with a horizontal transmission

direction.

The polarisation direction of the He-Ne laser beam

was established by the polariser P1, which had a vertical

transmission direction (parallel to the easy axis of the

sample). The spot of the probe beam (l ¼ 633 nm,

power Pprobe around 1 mW) was covered by that of
the pump light. After passing through the cell, the

probe beam was deviated by a beam-splitter and went

through the analyser, the transmission direction of

which was horizontal. The probe beam intensity mea-

surement was performed by an optical fibre connected

to a S2000 spectrometer (Ocean Optics Dunedin, FL,

USA) and a computer. The intensity of the transmitted

probe beam was recorded during irradiation of the cell,
in different zones, at different powers of the pump (i.e.

5, 12, 25 and 30 mW). After irradiation, the induced

permanent structure in the sample was studied using a

POM. In order to study the laser-induced surface mor-

phology, the sample was submerged in a solvent, hex-

ane, for a few minutes until the 5CB dissolved. The

glass plate of the cell with the SR was transparent and

this demonstrated that the MR molecules had not been
adsorbed on to this surface. On the other glass plate,

red zones appeared which coincided with the pumped

regions. These red zones are MR molecules adsorbed

on to the SC during irradiation of the sample. The

morphology of the pumped regions on the SC was

analysed by using an AFM.

3. Results and discussion

The intensity of the transmitted probe beam as a func-

tion of the irradiation time for different powers of the

horizontally polarised pump laser is presented in
Figure 2. it was noticed that the transmitted intensity

begins to increase after an irradiation time, tbh. It was

found that tbh decreases if the power increases, the

values of tbh being 65, 43 and 35 s for Pexc ¼ 5, 12

and 25 mW, respectively. The transmitted intensity

can increase during irradiation if an easy axis is

induced on the SC and the angle between this gliding

induced easy axis and the vertical direction also
increases. The ripple orientation is parallel to the

polarisation direction of the pump beam [5], and con-

sequently, a twisted nematic structure is generated in

the pumped region.
Figure 1. The experimental set-up. A: analyser; BS: beam-
splitter; OF: optical fibre; PC: computer; S: spectrometer.
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The time tbh corresponds to the start time of for-

mation of the ripple structure. For Pexc ¼ 12 mW, the

transmitted intensity is greater than that for 5 mW due

to the fact that the ripple structure grows more quickly
at a higher intensity of the pump laser beam. At 25

mW, the recorded intensity is less than that for 12 mW

because at higher power the concentration of MR

molecules in the cis-isomer form increases and the

absorbance of MR in the red light region also signifi-

cantly increases [9]. For 30 mW, the cis-isomer con-

centration increases quickly and the probability that

the dye aggregates significantly increases. These aggre-
gates are adsorbed on to microgrooves to form rib-

bon-like adsorbents and have a poor capacity for

aligning LC molecules in the direction parallel to the

polarisation direction of the pump beam.

The transmitted intensity of the probe beam in the

case of the Arþ laser beam polarized vertically is

shown in Figure 3. By comparing Figure 2 with

Figure 3, it can be deduced that the evolution of the

recorded signal depends on the polarisation of the

pump beam. For a pump beam polarised vertically,

the transmitted intensity increases quickly and begins

to decrease after an irradiation time tbv. At the begin-
ning of the irradiation the transmitted intensity

increases because of the homogeneous and fine layer

of adsorbed dye molecules that induce a horizontal

easy axis on the SC.

For an Arþ beam polarised vertically, the orienta-

tion of the ripple structure is vertical and the trans-

mitted intensity begins to decrease when generation of

the ripple structure is initiated. The values of tbv are 40,
14 and 7 s for Pexc equal to 5, 12 and 25 mW,

respectively.

The relative evolution of the transmitted probe

beam for different pump powers in the case of an

Arþ beam polarised vertically can be explained in a

similar manner for that of horizontal polarisation. For

a given power of the pump beam, tbv ,t bh. This result

can be explained because MR is an azo dye with a
dichroic ratio, D, defined as A‘=A?, of approximately

six for visible light [6]. A‘ and A^ are the dye absor-

bancies when the polarisation of the pump beam is

parallel and perpendicular, respectively, to the optical

axes of the dyes.

The pumped regions were investigated using a

POM with crossed polarisers. The polariser was set

parallel to the rubbing direction on the SR and white
light entered the cell from the SR side. Figure 4 dis-

plays the results obtained in the case of a horizontally

polarised Arþ beam. The pumped regions are bright

while the unpumped zones are dark. As the Arþ laser

beam is Gaussian and its intensity decreases from the

centre to the periphery of the laser spot, the effect of

irradiation is more pronounced in the centre of the

pumped zone. The bright region demonstrates that a
twisted nematic structure has been induced during

irradiation. The twisted angle was measured in the

centre of the zones corresponding to pump powers of

5 and 12 mW by POM as the difference between the

angle of analyser direction at total extinction in the

twisted sample and normal to the polariser. The

obtained values were very close to 90�, which suggest

that the induced ripple structure is perpendicular to
the rubbing direction. For powers of 25 and 30 mW,

the amount of excited dyes is believed to increase to

excess in the DDLC. The trans MR molecules trans-

form to cis-isomers and tend to aggregate when stimu-

lated by Arþ light because the dipole moment of a cis-

isomer is much stronger than that of a trans-isomer [5].

The absorbance of MR in the red light region

increases, which implies that the cis-isomers grow
rapidly and the probability that the dye aggregates

with irregular orientations significantly increase.

Figure 2. Transmitted intensity versus irradiation time for
an Arþ pump laser polarised horizontally.

Figure 3. Transmitted intensity versus irradiation time for
an Arþ laser beam polarised vertically.
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For powers of 25 and 30 mW, a twisted angle

cannot be measured and it was concluded that for

these pump powers dye aggregates appear in the centre

of irradiated zones. Such dye aggregates are visible in

the centre of Figure 4(d).
The images of the zones irradiated with an Arþ

beam polarised vertically obtained by POM with

crossed polarisers are presented in Figure 5. These

images are different from those corresponding to the

case of a horizontally polarised Arþ beam. The irra-

diated zones are not bright because the ripple structure

induced in this case is parallel to the rubbing direction,

which is perpendicular to the transmission direction of
the POM analyser.

Figure 5(c) and (d) present central zones with dye

aggregates. By analysing the unpumped zones from

Figure 5, many bright regions are observed. A possible

explanation of this behaviour is the scattering of the

pump beam from the dye-adsorbed surface SC. A

similar result has been reported by Huang et al. [7].

By comparing the unpumped zones in Figures 4 and 5,
we deduced that the scattering of the Arþ laser beam

during irradiation is greater in the case of a pump

beam polarised parallel to the rubbing direction.

All the irradiated zones on the SC were analysed by

AFM. Figure 6 shows the AFM images corresponding

to the central region of the irradiated zones in the case

of a horizontally polarised Arþ beam. A ripple struc-

ture is observed for 5 and 12 mW. The orientation of
the microgrooves in the ripple structure is parallel with

the direction of polarisation of the Arþ laser beam. The

mean depth of the microgrooves, A, obtained for 5 mW

is around 20 nm while for 12 mW it is around 25 nm.

The depth of the ripple structure increased if the pump

power was increased. The spacing between micro-

grooves, �, is around 300 nm (see Figure 6(a)).

According to the laser-induced periodic surface
structure theory [10], the spacing of the resulting ripple

structure in a DDLC film is given by � ¼ l=n, where l
is the wavelength of the pump beam in vacuum and n is

the refractive index of the material adsorbed on to the

surface of the DDLC cell substrate. For l ¼ 476.5 nm

and n @ 1:6 (for MR) [4], a spacing of around 298 nm

was calculated, which is consistent with the experimen-

tal value. Figure 6(c) and (d) present rough and inho-
mogeneous surfaces obtained by rapid and random

aggregation and adsorption of cis MR molecules.

Important information about the roughness of the

scanned area is given by the maximum ‘peak-to-valley’

value, Rpv [11]. For 25 mW, Rpv ¼ 429.84 nm, while for

30 mW, a greater value is obtained, Rpv ¼ 863.47 nm.

The AFM images obtained by analysing the zone

irradiated with an Arþ laser polarised vertically are
shown in Figure 7. A ripple structure was also obtained

for 5 and 12 mW (see Figure 7(a) and (b)), and the

microgrooves are parallel to the pump beam polarisa-

tion. The spacing is around 300 nm (as in the previous

case), but the depths of the ripple structure are around

40 nm and around 60 nm for 5 and 12 mW, respectively.

Figure 7(c) and (d) show the surfaces that have a higher

roughness than those corresponding to the Arþ beam
polarised horizontally. For 25 mW, Rpv ¼ 1055.00 nm,

while for 30 mW, Rpv ¼ 1276.74 nm.

Based on Berreman’s theory, the azimuthal

anchoring energy provided by a grooved surface, W,

is given by [12]:

W ¼ 2p3A2K22=�3; ð1Þ

Figure 4. Images of the irradiated zones with a
horizontally polarised Arþ laser beam obtained by using a
polarising optical microscope with crossed polarisers: (a)
Pexc ¼ 5 mW; (b) Pexc ¼ 12 mW; (c) Pexc ¼ 25 mW; (d)
Pexc ¼ 30 mW.

Figure 5. Images of the irradiated zones with a vertically
polarised Arþ laser beam obtained by using a polarising
optical microscope with crossed polarisers: (a) Pexc ¼ 5 mW;
(b) Pexc ¼ 12 mW; (c) Pexc ¼ 25 mW; (d) Pexc ¼ 30 mW.

Figure 6. Atomic force microscopy images obtained for a
horizontally polarised Arþ laser beam for various pump
powers: (a) Pexc ¼ 5 mW; (b) Pexc ¼ 12 mW; (c) Pexc ¼ 25
mW; (d) Pexc ¼ 30 mW.
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where A and � are the depth and spacing of the micro-
groove structure, respectively, and K22 is the elastic

constant of the LC. Substituting the obtained values

for A, � around 300 nm, and k22 ¼ 3:9� 10�12N (for

5CB at 25�C [13]) into Equation (1), the azimuthal

anchoring energy was evaluated.

In the case of an Arþ laser beam polarised hori-

zontal, for pump powers of 5 and 12 mW, the corre-

sponding values of W are around 0:36� 10�5Jm�2

and 0:56� 10�5Jm�2, which are typical values for a

rubbed polyimide/polimer alignment film. These

values for the induced azimuthal anchoring energy

are sufficient to maintain a permanent twist nematic

structure in the irradiated zones.

Due to the fact that for a fixed pump power and

irradiation time the depth of the ripple structure is

higher in the case of an Arþ laser beam polarised
parallel to the rubbing direction, the azimuthal

anchoring energy induced by the ripple structure is

also greater in this case compared with the

other configuration. For an Arþ polarised vertically,

the values of W are around 1:43� 10�5Jm�2

and 3:22� 10�5Jm�2for pump powers of 5 and 12

mW, respectively.

4. Conclusions

In this study, the photo-alignment effect induced by an

Arþ linearly polarised laser beam on a DDLC

was investigated in a pump-probe experiment.

Experimental results indicated that formation of the

induced permanent structure in the irradiated zones

involves bulk reorientation and surface adsorption
and depends both on the power and polarisation direc-

tion of the pump beam. The role of the dichroism of

MR on the obtained results was also discussed. A high

scattering of the pump laser beam during irradiation

was observed in the case of an Arþ polarised parallel

to the rubbing direction.

The laser-induced surface morphology in the irra-

diated regions was studied by AFM. For pump powers

of 25 and 30 mW, rough surfaces with inhomogeneous
ribbon-like layers were obtained in both cases. A ripple

structure parallel to the polarisation direction of the

pump beam was generated for pump powers of 5 and

12 mW. The spacing between microgrooves is not depen-

dent on the power and polarisation direction of the

pump beam, but the depth of the ripple structure

increases if the power pump is increased. Due to the

dichroism of the MR molecules, the depth is greater in
the case of an Arþ laser beam polarised parallel to the

rubbing direction. The azimuthal anchoring energy

induced by the formed ripple structure can induce a sur-

face-assisted photo-alignment effect. Our study demon-

strates the possibility of controlling the orientation and

depth of the ripple structure and, consequently, the

induced anchoring energy by a proper choice of both

power and polarisation direction of the pump beam.
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