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PACS.61.30.Eb — Experimental determinations of smectic, nematic, cholesteric and other
structures

PACS.61.16.-d — Electron, ion, and scanning probe microscopy

PACS.68.55.Jk — Structure and morphology; thickness

Abstract. — We present transmission electron microscopy micrographs of SiO films obliquely
evaporated on indium-tin oxide coated glass surfaces. To study the growth mechanism of these
SiO films, we present film cross sections in the evaporation plane. Varying the evaporation angle,
we observe a column to needle transition, with increasing surface roughness. This transition
corresponds to the planar to oblique nematic liquid crystal orientation transition. through the
bistable one. The SiO surface roughness is estimated to induce a nematic surface order decrease
(surface melting). The azimuthal nematic orientation on these plates corresponds to the direction
of minimum surface melting. This confirms the predictions of the Barbero-Durand model.

1. Introduction

Nematic liquid crystals are oriented liquids. Their molecules tend to orient parallel to each
other along one direction characterized by the director n (n? = 1). This direction is arbitrary in
space and imposed by the anisotropic interactions between nematic liquid crystal molecules and
a boundary wall {1]. These surface-bulk anisotropic interactions have extensively been studied
for two reasons: first, an academic one, is the understanding of the mechanism by which an
homogeneous orientation of the nematic molecules is imposed on a substrate; second, a more
practical one, is the control of these orientations. Uniform and homogeneous orientation of the
nematic liquid crystal was obtained by using various surface treatments including mechanical
striations or rubbing of thin polymeric layers [2]. Deposition of SiO by evaporation at oblique
incidence has been long ago known to provide nematic liquid crystal alignment [3]. Later it was
shown that SiO layers can give rise to two different kinds of homogeneous, strong and stable
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Fig. 1. — (o, d) Phase diagram for the nematic 5CB surface orientation versus the evaporation angle

o and the layer thickness calculated from the quartz balance measurements: dc.;. The dashed area is
the transition region where a two times degenerate oblique orientation allows a continuous transition
between the planar orientation (lower right) and non degenerate oblique orientation (upper left). The
marks (A, +,0) show the points used in our electron microscopy investigations.

alignment of nematic liquid crystal molecules, depending on the evaporation conditions [4, 5].
For an angle of evaporation incidence 45° < a < 80°, from the normal of the substrate, the
nematic liquid crystal orientation is planar with molecules lying above the solid surface along
a direction perpendicular to the incidence plane. For grazing incidence 80° < a < 90°, the
nematic liquid crystal orientation is oblique in the incidence plane with a tilt angle toward
the evaporation direction. The topography of these SiO obliquely deposited films has been
studied by different techniques of electron microscopy [6-13]. It shows an anisotropic structure
of columns or needles related to anisotropic nucleation and growth on the substrate. The
available evidence from these electron microscope studies has not been sufficient to completely
characterize the columnar structure. In most experiments the columns are seen from above
and their geometrical parameters are not clearly measured. A cross section was only shown in
reference [9]. The growth and the roughness of the SiO layer are rarely shown. The orientation
properties of nematic liquid crystal molecules on the surface were explained by elastic models:
the nematic is deformed to minimize its elastic energy in response to the anisotropic structure
of SiO obliquely evaporated films [4,10]. For the planar orientation the nematic liquid crystal
molecules would align parallel to some assumed SiO surface undulations perpendicular to
the evaporation plane. For the oblique orientation the nematic liquid crystal molecules were
supposed to align parallel to SiO oblique needles or columns.

More recently, the orientation of nematics on a glass substrate SiO evaporated at oblique
incidence have been studied in more details [14]. It was shown that the surface orientation
of nematic liquid crystal molecules varies with the evaporation angle « and the thickness of
the SiO layer d. A nematic orientation phase diagram (o, d) was presented for 5CB (pentyl
cyanobiphenyl). This diagram (Fig. 1) shows a continuous transition between the planar and
the oblique orientations. In this transition region the nematic liquid crystal orientation rotates
on the surface. In the oblique region, the nematic tilt angle increases with d and saturates. The
orientation transition, the rotation of the orientation in the transition region and the saturation
of oblique orientation cannot be explained by the elastic models. We can hardly imagine a
rotation of needles or columns. The results were quantitatively explained by an “order electric”
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model. In this model, the SiO roughness destroys the nematic order at the surface, inducing
a gradient of this nematic order toward the ordered bulk [15]. An order electric polarization
proportional to this gradient of nematic order gives rise to a electrostatic term in the nematic
orienting surface free energy. This allows to describe the planar and oblique orientations and
the rotation of nematic liquid crystal molecules in the transition region. Such a decrease of
nematic order on those SiO obliquely deposited films has been observed by Barberi et al. [16].
To check the order electric model, it is then important to characterize the surface roughness
of SiO evaporated films versus o and d.

In this paper, we observe the topography and we estimate the roughness of SiO obliquely
deposited films on ITO coated glass substrates. We try to establish a correlation between
this topography and the nematic liquid crystal molecules orientation presented in the phase
diagram (a, d). To observe the surface topography, we use a combination of two transmission
electron microscopy techniques: the surface shadowing technique and the ultramicrotomy one.
In Section 2 we present the experimental methods. We then show, in Section 3. series of
micrographs and measurements of the surface parameters. We compare our results with liter-
ature data in Section 4. Finally in Section 5 we discuss the effect of the surface topography
and roughness on the nematic liquid crystal molecules orientation on the same SiO obliquely
evaporated films used in our electron microscopy investigations.

2. Experimental Methods

Electron Microscopy (EM) is one of the most direct techniques for obtaining information from
surface topography and roughness. For high resolution, the Transmission Electron
Microscopy (TEM) is a powerful technique but special specimen preparation techniques are
usually needed [17]. Generally, the TEM of SiO obliquely evaporated films has been inves-
tigated using appropriate electron microscopy thin substrates like amorphous carbon films,
however the nematic liquid crystal molecules orientation is determined not on the amorphous
carbon films but on glass substrates prepared under similar conditions. One can suspect possi-
ble differences between the topography and the roughness of the SiO layer deposited on electron
microscopy substrate and on the glass. To avoid any doubt about this matter, our EM investi-
gations were made on the same ITO glass plates used to observe the nematic orientation phase
diagram and the measurement of the nematic liquid crystal orientations. This choice implies
to overcome different technical difficulties. We must obviously get rid of the glass substrate
to keep only the thin SiO evaporated film for the electron microscope observations. We begin
first with a platinum shadowing evaporation on the SiO obliquely deposited ITO glass plate;
then, we deposit a carbon layer on the platinum. We finally separate the glass plate from the
platinum-carbon-SiO film by dissolving the ITO in an acid solution. We finally observe the
platinum-carbon-SiO film directly or after ultramicrotomy to prepare oriented cross sections.

2.1. SiO—ITO GLASS PLATES PREPARATION. — The ITO coated Baltracon glass plate from
Balzers is placed in an evaporator under vacuum (~ 10=° T) at an oblique angle (Fig. 2).
The silicon oxide SiO vapor is obtained by heating the SiO in a crucible at high tempera-
ture. A quartz is placed normally to the evaporation direction. The evaporated mean normal
thickness dg, of the deposited SiO film is measured from the frequency shift of the oscillating
quartz. Knowing the incidence angle « of the SiO on the glass (Fig 2), we calculate the mean
evaporation thickness dc, on the glass by: dcal = dg;cosa. This calculated SiO thickness
dca) on the glass is varied from 40 A to 1500 A. We have used three different values of the
evaporation angle a. The first one oo = 84° gives rise to an oblique orientation of the nematic.
The second o = 60° corresponds to a planar alignment and an intermediate value oo = 74°
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Fig. 2. — Deposition of SiO by evaporation at oblique incidence « on the ITO coated Baltracon glass
plate L. The mean SiO film thickness is measured by frequency shift of the oscillating quartz {¢z)
then corrected with respect to the angle of incidence.

which could lead to intermediate nematic orientation. For each angle ¢, we prepare at the
same time three plates, one for the electron microscopy observations and the two others for
the nematic liquid crystal orientation test.

2.2. ELECTRON MICROSCOPY SAMPLE PREPARATION

2.2.1. Platinum-Carbon Deposition Conditions. — The SiO-ITQ glass plate is placed in a
platinum carbon evaporator. The platinum is evaporated at an oblique angle of 70° from the
normal plate in the SiO evaporation plane. A carbon layer (of thickness 100 A to 200 A)
is further deposited onto the surface at normal incidence. This thin carbon layer does not
contribute appreciably to the final electron microscope image

2.2.2. Separation of the Carbon-Platinum — SiO Films from the Glass Plate. — After the
platinum-carbon deposition the sample is introduced in an acid solution (50% H,0, 47% HCL
and 3% HNO3) which dissolves [TO [8]. After a few seconds, the platinum SiO film, strength-
ened by the carbon layer, separates from the thick glass plate after the ITO dissolution. The
film, floating on the solution surface, is picked up on a marked electron microscope grid G1
(Fig. 3, bl) and washed with distilled water prior to the transmission electron microscope
observations. At this stage, the evaporation orientation is lost.

2.2.3. Transmission Electron Microscopy Observations. — The TE microscope used is a Philips
300 which is operated at an electron beam accelerating potential of 60 to 80 KV. To find
back the lost evaporation direction we compare the electron microscope image with the image
obtained on an other SiO film. This film is evaporated under the same conditions on a thin
carbon film supported by a marked EM grid G2 (Fig. 3, al). The mark on the grid G2
indicates the evaporation plane direction e. The corresponding microscopic image (sketched
in a2 ) shows objects pointing in the same direction e. On the image b2 of grid G1. one finds
back the same objects with an arbitrary rotation. The comparison of the two pictures a2 and
b2 gives the evaporation plane direction e on the grid G1.

2.2.4. Ultramicrotomy. — The sample on the grid G1 is oriented to have the SiO evaporation
plane direction e in the section plane of the ultramicrotome and is embedded in a low viscosity
epoxy with low polymerization temperature [18]. Practically to keep the film orientation, the
sample is placed on a first solid epoxy layer and covered by a fluid second one. The specimen
becomes solid after a few hours. It is then placed in an ultramicrotome (L.K.B.) and trimmed
to a sectioning face with a glass knife. When close to the sample, the glass knife is replaced by
a diamond knife horizontally and vertically adjusted. One obtains sample thin sections which
are collected on a distilled water solution with a surface tension sufficiently high to permit
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Fig. 3. — Identification of the evaporation direction e for the ultramicrotomy section. G1, G2, G3

are the electron microscope grids: al shows the evaporated SiO film on the marked grid G2. bl shows
the sample S picked up on the grid G1 after the I'TO dissolution. c1 shows the ultramicrotomy cross
sections of the SiO film on the grid G3. a2, b2 and c2 are the electron microscope images of al, bl
and c2. d shows the sample included in the epoxy during the ultramicrotomy section: The grid G1 is
oriented so that the evaporation plane is in the section plane.

optimum wetting of the diamond knife edge and to keep the sections afloat. The thin sections,
observed from their Newton colors (grey) are picked up on an EM grid G3 (Fig. 3, c1) rinsed
and dried. A thin carbon film is then normally evaporated onto this grid to fix the sections
prior to the observations in the TEM.

2.3. NEMATIC LiQUID CRYSTAL ORIENTATION TEST. — The nematic mean molecular orien-
tation on the SiO obliquely evaporated glass plate is optically determined. A wedged nematic
sample of 5CB (pentyl-cyanobiphenyl) is made by using the two previous plates facing each
other (Fig. 4). The plate evaporation directions are placed auntisymetrically. For oblique sur-
face orientation, this is expected to result in uniformly tilted samples. The wedge produced by
a 50 pm wire spacer at 1 cm distance, allows the observation of birefringence fringes under a
polarized microscope. From the fringe spacing and the knowledge of the refractive indices of
the material [19], we can deduce cos? §; 8 is the molecular tilt angle with respect to the normal
of the plate. The accuracy of the cos® # determination is +0.05. The azimuthal angle ¢, com-
pared to the evaporation plane, is deduced from the observation of the optical sample neutral
lines, i.e. from the orientation of the crossed polarizer and analyzer for maximum extinction.

3. Results

We present our results in a series of micrographs taken at the same magnification for three
different values of the evaporation zenithal angle a. For each value of ¢, we present micro-
graphs for different SiO calculated thicknesses d.a;. At each thickness d..;, we show a pair of
micrographs. The first is a counter-type TEM micrograph of the SiO film surface seen from
above. The second is an usual TEM micrograph of the ultramicrotomy section of the same film
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Fig. 4. — Wedged nematic sample made between two ITO glass plates with antisymetrically evapora-
tion direction (e, €'). The surface orientation of nematic molecules is deduced from the birefringence
fringes spacing ! observed under a polarized microscope. P is the polarizer, A is the analyser.

viewed from the side. The two micrographs are complementary and give a complete description
of the topography and the roughness of the SiO film. The comparison of these micrographs at
the same evaporated zenithal angle a or at the same thickness d;,) shows the influence of the
two evaporation parameters on the topography and the roughness.

3.1. GRAZING INCIDENCE: « = 84°. — The series of micrographs of Figure 5 shows the
appearance of evaporated SiO films for increasing thickness, seen from above {Ola, O2a, O3a,
O4a) and their ultramicrotomy sections which give a side view (Ols, O2s, O3s, O4s). On the
sections, grey tilted SiO objects are visible. The small black grains (20—40 A) on their tops
and sometimes in their sides are the platinum deposition. On the view from above (counter
type), the platinum decorates in white the objects. In the literature, these objects are named
columns or needles. For this grazing incidence. we prefer to name these objects needles because
their individual diameter varies.

The needles point in the evaporation plane at an angle a from the plate normal toward the
evaporation source. For thin thickness d.. = 40 A, their tilt e is 35° as shown on micro-
graph Ols. For thicker films dcy) = 110 A (025), deal = 300 A (03s) and dea = 520 A (O4s),
the tilt angle is 40° to 45°. On O3s, one can see at the beginning of the film some needles which
have grown at 35° tilt. It is plausible to think that the initial tilt of 35° is influenced by the
ITO substrate; when the needles get thicker, their tilt (40°—45°) would become independent of
the substrate and would be defined by the evaporation parameters. Note however that the thin
cross sections seem to be distorted by the cut, which leads to a relatively large uncertainty.

We measure the average altitude of the needle tops dumes 0n the cross sections. It is larger than
the thickness calculated from the quartz measurements: d.,;. We have plotted the variation of
dmes versus deq; in Figure 6. The slope of the log-log plot is 0.77 which indicates the begining of
a saturation. Nevertheless the continuous growth of d,,.s is well above the linear dependence
des = dcal, indicated by the straight line. These two thicknesses should be equal for a
compact SiO layer. The difference between dmes and dca is the indication of a porous layer.
The needles length | = dyes/ cosa and their diameter b, measured also on the cross sections,
increases with d.,;. Their spacing (Fig. 7) can be measured on the view from above and on the
cross sections. The results of these measurements are shown in Table Ia. The needles spacing,
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100084 —

Ola

Fig. 5. — Micrographs of SiO films deposited at grazing incidence o = 84° for different thicknesses
(O1: deay =40 A; 02: deay = 110 A; O3 : dear = 300 A; 04 : dea = 520 A). The SiO film structure
is seen from above in the left of the figure where the SiO needles appear in white (counter-type). In
the right of the figure, the same structure is seen from the side; here the needles appear in black (usual
micrograph). The structure is very rough and porous.
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Fig. 6. — The thickness dmes {measured in A on the film section) versus deca (calculated in A from the

quartz balance measurement) for the three angles of incidence. a): a = 84°; b): a = 60°; ¢): a = 74°.
For o« = 84°, the curve shows a continuous growth above the linear dependence dmes = dcal shown by
the straight line. For o = 60°, dmes tends to dca when the film thickness increases. One point on the
diagram is the averaged thickness measured on thirty points on one sample. The dimension of the
markers gives the error (+15%). We can see that the difference between the different samples is in the
same order of magnitude as the dispersion on one simple.

d mes
dz
L)
Fig. 7. — Geometric surface parameters of an obliquely evaporated SiO film. dmes is the film thickness.

The columns or needles are characterized by their tilt angle a, their length [. their mean diameter b,
their spacing d; in the evaporation plane P and their spacing d2 in the perpendicular direction.

in the range of a few hundred A is larger in the evaporation plane (d1) than in the perpendicular
direction (ds).

Let us characterize the “porosity” of this SiO film. When we measured the column diameter b,
we made a thickness average: it is now reasonable to visualize the needles as tilted cylinders of

constant diameter b. These cylinders are spaced by d; and dy (Fig. 7). We call z the relative
area occupied by the needles. One has obviously:

x = w(b?/4)/d1da. (1)

Locally, the relative area 1 —z is then void. On the other hand. the equality of the SiO volume
on the plates and on the quartz surface gives:

deal = T dies (2)
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Table 1. — Geometrical parameters of Si0 layers with different thicknesses. The layers are
evaporated following an angle of 84° and they give an oblique nematic hguad crystal orientation.
deal 15 the meon loyer thickness, dmes is the thickness measured at the top of the layer, | s the
length of the needles and b their diameter. The distances between the needles measured along
the evaporation plane and perpendicular to it are respectwely di and ds. x and z are the relative
area occupied by the needles on the plate. x is calculated with the needles measured parameters
and z is calculated from the evaporated S10 volume.

a)
Plate | dea/A | dmes/A | 1A | b/A | dy/A | do/A | a
01 40 330 | 430 | 110 | 350 | 230 | 35°
02 | 110 710 | 930 | 150 | 650 | 200 | 45°
03 | 300 1370 | 2450 | 220 | 810 | 300 | 45°
04 | 520 2370 | 3100 | 260 | 800 | 300 | 40°
b)

Plate T z
01 (0.2 | 012
02 (014 | 0.15
03 | 016 0.21
04 | 0.22 ] 0.22

8 : 4
Q 4
. A A
a
[m}
06 1 *
g 7
b
£ 044
A o =84
021 + o =74°
[ =60° %’
0 T — —
0 10 100 1000 10000

Calculated thickness d oy /A

Fig. 8. — Variation of the SiO film porosity defined as the ratio 1 — dcal/dmes versus the calculated
quartz thickness dca) in A, for the three values of the evaporation angle a.

Using the data of Table Ia, we calculate z and g as presented in Table Ib. Within our present
accuracy, these two values are equal. This induce us to think that the needles are compact.
For now on, we keep the definition (2) for the filling factor z = z. The porosity can be simply
characterized by the relative void area 1 — 2 = 1 — dca1/dmes- The variation of this porosity
parameters 1 —z versus dea) is plotted in Figure 8. The graph shows that the porosity decreases
with dca with a tendency to saturation. This saturation would mean that, for very thick layers,
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Fig. 9. — Dependence of the columns averaged diameter b in A versus dey in A for the three values

of the evaporation angles a; b grows very slowly with dcar.

the columns grow mainly in length. We have also plotted the variation of the averaged diameter
b of the needles versus d., in Figure 9. The graph shows that b grows very slowly and tends
to saturate (on the log-log plot the slope is 0.34). The initial decrease of the porosity 1 — z
(Fig. 8) and its saturation for larger thicknesses corresponds to the cubic root variation of the
needles diameter b.

The measured values of the spacing d; and ds between the needles listed in Table Ia show
that d; increases significantly with d.,) although ds is almost constant. The factor two jump
of dy between d.,) = 40 A and deal = 520 A indicates a period doubling of needles in the
evaporation plane. On the average, for thick layers, two needles merge to give only one that
continues to grow.

As we can see the needles spacing and the large porosity give a very rough aspect to the SiO
layer deposited at this grazing incidence. To define quantitatively the SiO surface roughness,
one should make an harmonic analysis of the needles profile shown on the cross sections Ols,
02s, O3s, O4s. This is out of the scope of the present work. We can simply note that the largest
wave length modes correspond to the spatial periods di1 and d» with amplitudes larger than the
periods, since one can observe deep holes between needles. We also observe (micrographs Oa)
on the needles lateral surface large irregularities at spatial periods A ~ 200 A, 100 A, with
amplitudes comparable with the periods. On the needles surface a roughness of wave length
A~ 20 A to 40 A is visible. This roughness appears also on all the other top view micrographs.
It seems to us that it is an artifact du to separated platinum grains. In Figure 5-O3s for example
we can see on the top of the needles that the grains joint together and create a film without

any roughness of wave length 40 A. If there is any roughness of this wave length its amplitude
is very small.

3.2. LOWER INCIDENCE: « = 60°. — The series of micrographs in Figure 10 show the
appearance of evaporated SiO for increasing thickness, seen from above (Pla, P2a, P3a, P5a)
and from the side (Pls, P2s, P3s, P5s). These micrographs show a more compact structure
than the previous one with very narrow objects oriented in the plane of incidence. Indeed here
the width of these objects stay almost constant and we prefer the term columns to characterize
them. We first observe the side vues. For dc, = 40 A (P1s) the columns are very small and
their tilt is not really measurable. For d., = 100 A (P2s), the tilt is more visible with a value
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P5a
1000A ——
P3a P3s
1000A ——
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100084 *—

Fig. 10. — Micrographs of SiO films deposited at an angle of incidence o = 60° for different thicknesses
(P1: dew =40 A; P2: deay = 100 A; P3: deoy = 300 A; P4: dea = 600 A).; seen from the side
(right) and from the above (left). The micrographs are presented like in Figure 5. The structure is
quite smooth for thin thicknesses (P1, P2) and becomes fully compact for the ticker one (P5).
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Table 1I. — Geometrical parameters of S10 layers with different thicknesses. The layers are
evaporated following an angle of 60° and they gwe a planar nematic hquid crystal orientation.
The parameter definitions are the same as for the Table I

Plate | dea/A | dmes/A | I/A | b/A | di/A | do/A | a

P1 40 110 140 40 70 50 -
P2 100 310 410 70 110 100 | 41°
P3 300 670 - 110 110 110 -

P4 600 1070 | 1360 | 140-150 | 120 150 | 38°
P5 1500 1660 | 2590 230 235 230 | 50°

of 40°. For dqy = 300 A (P3s), the tilt is not visible on this cross section. For dca = 600 A,
the columns show a dense packing with a 50° tilt. For dey = 1500 A (P5s), the tilt is 50°; at
the beginuing of their growth, one observes a thin perturbed region which could correspond
to a different initial tilt, as also observed in Figure 5, O4s. The columns lengths | and their
diameters b increase with the calculated thicknesses d..). The measured thicknesses dpes also
increases with d.,1, but is closer to dc,) than in the grazing incidence case a = 84°. The curve
dmes = f(dea1) (Fig. 6) joins the linear dependence dpyes = dea for large thickness dea; = 1500 A.
The structure tends to become compact. The geometrical surface mean parameters are listed in
Table II. For thin layers the spacing between columns d; and dz are comparable and are lower
than in the previous case. Their values seem to increase with d.,) but cannot be measured for
large dca. Those values and the diameters b plotted in Table II indicate that in thick layers
the columns form clusters.

We can characterize the porosity of the SiO film deposited at this angle of incidence, by the
ratio 1 —z = 1 —dca1/dmes. We have plotted the variation of this porosity versus dca) in Figure 8
and of the averaged diameter b of the columns versus d., in Figure 9. The porosity does not
vary monotonously. It slightly increases for thin film and then decreases quickly toward zero
for thicknesses higher than 100 A. The high porosity at 100 A is confirmed by P2s where
the platinum decorate not only the top but also the back of the columns. This difference in
porosity between the thin films and the thicker ones is visible on P5s in Figure 10 where we
observe a thin perturbed region in the bottom of the film. For the thick films, the decrease of
the porosity versus d.,; corresponds to the increase of b which varies as the square root of dg,).

As it can be seen, the columns are very narrow and the porosity is much weaker in this
lower incidence case (o = 60°) than in the grazing one (o = 84°). For thick layers, the
porosity tends towards zero but the micrographs show a remaining tilted columnar structure
(Fig. 10, P5s).

If we observe the top of the SiO films. their surfaces (micrographs Pa) present small grains of
size ~ 40-50 A and larger wave length irregularities constituted by the top of the columns. In the
direction perpendicular to the evaporation plane (dz), the columns come together as visible
in Figure 10 (Pla, P2a, P3a). The corresponding oscillation amplitude in this do direction
vanishes and its period is multiplied by the number of columns which come together. In the
evaporation plane, the columnar merging is less visible; it stay an undulation of period dy. Its
amplitude can be estimated in P2s and P3s as d; /10.

3.3. INTERMEDIATE SITUATION « = 74°. — The series of micrographs of Figure 11 shows the
appearance of evaporated SiO layers, seen from above (T1a, T2a, T3a) and from the side (T1s,
T2s, T3s), for increasing thicknesses. The columns structure is also present in this intermediate
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T2a T2s

Tla Tls}

1000A —

Fig. 11. — Micrographs of SiO films deposited at an intermediate value o = 74° for different thick-
nesses (T1: deay =40 A T2: dea =100 A; T3: dey = 300 A). Some crevices appear, more visible
in T2.

case with an angle of 45° visible on T3s. These columns join together in the dy direction as clear
in T2a. They are separated by deep crevices perpendicular to the evaporation plane, visible
on micrographs Tla and T2a (Fig. 11). On the thick film T3, the crevices remain as shown on
the view from the side T3s. They are hidden in the view from above because of the columns
tilt. For very thin layers, the columns are less visible than for the other evaporation angles.
Our measured values of the geometrical surface parameters are listed in Table III. The
length  and the diameter b of the columns increase with dca (Fig. 9); b is the same as in
the case of the grazing incidence evaporation. The spacing between the columns remains two
times larger in the evaporation plane than in the perpendicular direction. Their values are
intermediate between the two previous cases but they do not vary much with the thickness for
thin layer. In this case the columns grow independently on the substrate without clustering.
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Table III. — Geometrical parameters of SiO layers with different thicknesses. The layers are
evaporated following an angle of 74° and they give a tilted monostable or bistable nematic liquid
crystal orientation. The parameter definitions are the same as for the Table I

Plate | dea1/A | dmes/A | I/A | b/A | di/A da/A | a
T1 40 160 | 230 | 110 | 260-300 | 100-150 | -
T2 100 260 | 410 | 150 | 200-300 | 100-150 | 45°
T3 300 580 | 820 | 220 | 270-290 | 100-150 | 45°

The porosity versus dga is shown in Figure 8. The film is less porous than for the grazing
incidence but the behavior of the porosity is similar and seems to saturate around 0.5 for thick
films. The crevices volume tends to compare to the columns volume. This confirm a mean
crevice width comparable to the mean column diameter.

We observe small grains of size 40 A and large wave length tip of columns oscillations at wave
length d; and dz but with very low amplitudes. The columns are separated by deep crevices
as visible on the side view; their depth is the film thickness and their width is d;/2. They
undulate in the ds direction following the columns with the wave length da and an amplitude
close to d; /4.

3.4. EvOLUTION OF THE Si0O TOPOGRAPHY AT CONSTANT THICKNESS. — In the previous
paragraphs we have studied the evolution of the SiO layers topography versus the thickness
for three different evaporation angles «. In Figures 5, 11 and 10, we can see the influence
of the evaporation angle a for a given thickness. On plates P1, T1 and O1 the layer is thin:
dea1 = 40 A. On the view from above the increase of the columns dimensions versus « is visible.
For a = 60° (Fig. 10, Pla) and a = 74° (Fig. 11, Tla), the columns structure is difficult to
see from the top, but for o = 84° (Fig. 5, Ola), the columns look big and separated. On the
cross section picture the columns are visible for o = 74° (Fig. 12, T1s) and o = 84° (Fig. 5,
O1s) with a large spacing difference. Plates P2, T2 and O2 have a layer thickness dc, = 100 A.
For a = 60° (Fig. 10, P2), one observes commpact columns. These columns become needles for
a = 74° (Fig. 11, T2), very well-separated for a = 84° (Fig. 5. 02).

3.5. SUMMARY. — Summarizing our observations, we conclude that the SiO obliquely
deposited films all present a quasi periodic structure of columns or needles. For thick films, the
columns are tilted of about 40° to 50° from the normal of the substrate and oriented toward
the evaporation direction. For thin films, the tilt is less observable with a value of 35°. The
columns diameter (Fig. 9) increases slowly with the layer thickness following about a cube root
law. We can remark that the values are the same for the two larger evaporation angles even
if, in the case of the grazing incidence, the needles remain very far apart.

The SiO film porosity (Fig. 8) decreases with dca). For o = 60° and dc, = 1500 A, the SiO
columnar texture becomes fully compact although for o = 84° and at all thicknesses, the SiO
needles remain well-separated. For o = 74° and d. = 100 A, the columns join together in the
direction perpendicular to the evaporation plane and stay separated by deep crevices in the
evaporation plane.

The SiO film roughness increases with the porosity: for the grazing incidence a = 84°, the
SiO surface is very rough, including irregularities at all spatial periods from 100 to 500 A; for
a = 60°, the SiO films surface appears smoother for all thicknesses, showing low amplitude
200 A to 300 A wave length modes. For the intermediate situation (@ = 74°). the films show
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a structure in between the two previous situations, with the increase of the amplitude of the
modes corresponding to the crevice and the crevice undulation.

4. Discussion

The topography of SiO films deposited at an angle of incidence on various substrates has been
investigated by different EM techniques [6-13]. It is interesting to compare our results with
literature data. The more complete study is the work of Goodman et al. [10]. Using rotations
of the SiO substrate in the transmission electron microscopy, they have studied SiO films with
normal thickness between 300 A and 3200 A deposited at grazing incidence (¢ =83°)ona
thin amorphous carbon layer. These thicknesses correspond to dca between 36 A and 390 A,
very comparable to ours. These films present a semi-periodic structure of separated columns
(1.e., needles) oriented in the plane of incidence and tilted of about 50° from the normal to the
substrate. The width of individual needles (100 A-200 A) and the spacing between themselves
(300 A-600 A) do not have a great variation with thickness. For an angle of incidence o = 60°,
the SiO films show a columnar structure for films thickness dea; in between 38 A and 265 A.
The columns angle of inclination is about 30 to 35° from the normal of the substrate. The
column periodicity is about 80 to 100 A.

In our present work, we have also observed the needles to columns transition between the
incidence o = 84° and « = 60°. Our tilt angles are a little bit different from reference [10]:
they stabilize for both thick needles and columns to 40°-50°. Only for thin layers we do find
a 35° tilt. Taking into account the difference between our geometry, our needles diameter and
spacing compare reasonably, but we do observe a regular increase of diameter with thickness,
accompanying the period doubling in the evaporation plane. Our constant transverse period
is a new information. The one difference between our two works is the nature of the substrate,
amorphous carbon film for reference [10] and ITO on glass for us. This could explain the
different behavior of thin SiO films.

Later and using scanning electron microscopy and transmission electron microscopy obser-
vations with a cleavage technique, van Sprang et ol. [13] show this columnar structure in SiO
layers with real thickness of 500 A deposited at oblique incidence. The columns are found
tilted in the evaporation plane with an angle of about 22° independent of the evaporation
angle. This tilt angle seems for us surprisingly small. On the cleavage micrograph of Figure 4b
in reference [13], one do observe an apparent columns tilt angle of 45° in a cleavage plane
also tilted of 45°: this corresponds to a real columnar tilt of 35°(and not 22°), closer to our
measurement.

The other works quoted in references present less complete data but in agreement with
ours. Reference [12] for instance gives a single cross section of a SiO film grown at a = 85°
incidence. The columns tilt goes from an initial value of 30° toward 50° in good agreement
with our present finding. No data of surface roughness were explicitly given in these previous
works.

5. Nematic Alignment and Correlation with SiO Topography

5.1. NEMATIC ORIENTATION. — For the plates P1, P2, P3, P4, P5, we find a planar ori-
entation (6 = 90°, ¢ = 90°), perpendicular to the evaporation plane. For the O plates,
we find an oblique orientation inside the evaporation plane (¢ = 0°) with various tilts:
Ol: # =70° 02: # =65, 03: A =58 04 : # = 55° This last value corre-
sponds to the “magic angle” 6y, = 55° (cosfm = (1/v/3)) which is chosen by the 5CB ne-
matic on a melted surface (15, 28, 29). For the intermediate plates, we find an intermediate
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orientation: T1 shows a bistable anchoring with 8 = 70°, ¢ = +35°; for T2 and T3, we find
an oblique anchoring with tilt in the evaporation plane ¢ = 0°, 8 = 67° and 64° respectively.
The results of the nematic orientation confirm the ones already obtained in the reference [14].

5.2. CORRELATION WITH SiO ToOPOGRAPHY. — If we compare in Figure 8 the porosity of
P1, T1 and O1, we can guess that the porosity is the origin of the transition between the planar
orientation on P1 to the oblique orientation on O1 toward the bistable orientation on T1. The
observation of the porosity of P2, T2, 02 and P3, T3, O3 do not confirm this hypothesis:
T2, T3, 02, O3 give the oblique orientation even if the porosity of T2 and T3 is lower than
the one of P2 and P3. The shape of the void seems to be more important than the porosity:
well-separated needles and crevices give nematic oblique orientation; closely packed columns
give planar orientation.

5.3. COMPARISON WITH PREVIOUS MODELS

5.3.1. The Theoretical Models. — In the first model of Berreman [20} and de Gennes [1],
a soft surface undulation (small wave vector q, small amplitude A) can induce a nematic
planar orientation with director n perpendicular to q, to escape surface curvature. It was
later predicted by Barbero et al. [21] that a rapid surface undulation or a surface roughness
could induce such a high curvature that the nematic surface order parameter S would decrease
and even become zero 1.e., the nematic phase would melt. The melting should occur when
Ag’¢€ > 1, where £ is the coherence length associated with the nematic-isotropic transition.
‘We can deduce from this model that if the roughness of the surface is anisotropic, the melting
parameter is not the same in the different directions. To minimize the surface energy the
nematic would choose the azimuthal orientation which minimize the melting energy and not
the elastic one. In this case the azimuthal nematic orientation onto the surface may be given
by a minimum melting condition. On the other hand, as indicated by Barbero et al. [15], this
order parameter variation creates an order-electricity polarization near the surface which tends
to orient the molecules on the surface toward the magic angle 8,,. The competition between
the van der Walls interaction with the surface and this order-electric effect may gives the
zenithal molecular orientation. That gives a new model for the orientation on rough surfaces:
the ordoelectrical and partial melting orientation.

5.3.2. The Values of the Melting Parameter. — To compare the models and our experimental
results we list in Table IV the values of the melting parameter: Ag¢ for the studied plates. We
first present general remarks about the determination of the coherence length, £, the amplitude
and the wave vector of the surface roughness, 4 and g¢.

In the Table IV we estimate ¢, as 20 A. ¢ has been measured in the isotropic phase as
for = 5 A [22-24]. An extrapolation in the nematic phase gives &, = &i/v2 =~ 3.5 A. At
room temperature, 10 degrees lower than the nematic transition temperature T¢, using the
Landau-de Gennes theory, we estimate ¢ as & x (300/10)%5 ~ 20 A. The corresponding wave
length: A. = 27€ is in the range of 120 A.

In Table IV, ¢ and A are obtained by looking at the large wave vector distortions: the
columnar tip modes, the crevices modes and the needles modes. The spatial period A of these
modes is of the order of d; and d,, the distances between the columns or needles along the
evaporation plane and perpendicular to it. The corresponding amplitude A are estimated from
the cross sections.

The important and obvious conclusion we can make with the values of the melting parameter
listed in Table IV is that for every plate there is at least one direction where the Berreman

'
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Table IV. — Values of the melting parameter Aq?¢ calculated for the different plates and dif-
ferent omentations of the molecules. A1g3€ are the values if the molecules are oriented parallel
to the evaporation plane (q; = 2w/dy), A2g2€ of they are perpendicular to it and on the top of
the layer and A3q3¢€ if they are inside the crevices.

Plate | dmes/A | di/A | Ai/A | Avgde || do/A | Ao/A | Asgd¢ || As/A | Asgie |
P1 110 70 - 50 - -
P2 310 110 25 1.6 100 < <1
P3 670 110 25 1.6 110 < <1
P4 1070 120 30 1.6 150 <K <1

P5 1660 235 70 1 230 < <1
01 330 350 165 1 230 165 2.4
02 710 650 355 0.7 200 355 7

03 1370 810 680 0.8 300 680 6
04 2370 800 1180 |- 1.5 300 1180 12
T1 160 280 80 0.8 125 < <1 30 15 |
T2 260 250 130 1.6 125 < <1 40 2

T3 580 280 290 3 125 < <1 55 2.8

hypothesis of a soft surface undulation does not apply. We have then to take the melting into
account. We make now a more detailed analysis of these data.

5.3.3. The Partial Melting on the Different Plates. — For the P plates (P2, P3, P4 and P5),
the amplitudes A; of the surface undulation in the d; direction listed in the Table IV are
measured on the cross sections. In the da direction. even if small undulations are visible on
the view from above, the observed merging of the columns induces us to postulate a smaller
amplitude (As < A1). Tt results in A2q3¢ < A1¢2¢ ~ 1. To escape a surface melting along
dy (A143¢ =~ 1), the nematic has to take a planar orientation along dp (A2¢3¢ < 1) with
molecules laying perpendicular to the evaporation plane { = 90°, # = 90°). This explains
well the observed planar orientation of the nematic onto the P plates.

For the O plates, the needles are separated in the d; and dy directions. The amplitudes of the
corresponding undulation modes are A; ~ Ag = dmes/2. In Table IV the obtained A, qgf values
are larger than the A;¢2¢ ones that are close to 1. This suggests that the molecules should align
in the evaporation plane along the d; direction to lower the surface melting. However even in
this direction the surface melting may occur and the ordo-electric effect should be brought into
play, it gives the observed tilted orientation. If we consider the needles lateral area, we can
observe local irregularities of period 100 A to 150 A on it as clearly visible in Figure 5 (O3a).
These irregularities are not taken into account if we only consider the undulations in the
direction and the ds one, but they can also induce a nematic surface order melting in between
the needles and should help the mean surface melting. The total melting has been recently
observed by plasmon resonance for the thickest SiO layer (O4) in between the needles and on
their top for an other nematic compound (MBBA) [26]. This confirms our hypothesis of surface
melting. The molecular orientation onto the O plates in the evaporation plane corresponds
well to the choose of a minimum of the surface melting.

For the T plates the undulation amplitude in the d; direction is A; & dmes/2 as visible
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Fig. 12. — Values of the surface molecular tilt angle cosine versus the SiO film thickness. For thick

layers, the curves tend to saturate close to cos® 8 = 1 /3 {shown by the line), as predicted in the case
of strong ordoelectric effect. *

in Figure 11 (T1s, T2s and T3s). In the dz direction, when the film thickness increases, the
progressive columns merging suppress the undulation. It stays a visible smaller undulation in
T1a that practically disappears in T2a and probably in T3a where the large thickness blurs
the image. The corresponding A;¢?¢ and A3g2¢ values are in Table IV. If, for these T plates,
we use the same melting criterion as for the P and O plates we will say that the nematic would
align in the planar orientation along the dy direction (¢ = 90°) as for the P plates. This is
not what we observe onto these T plates. To explain this, we propose to consider not only the
undulation on the column’s top but also the effect of the crevices. Indeed the liquid crystal
molecules may penetrate in the crevices. Inside them, the undulations on their lateral surfaces
have a period d; and an amplitude Az visible on the top views and close to the column’s
diameter divided by 4. The values of A3¢2¢ in Table IV indicate a melting in the crevices for
the planar orientation in the dp direction; it explains a repulsion from that direction increasing
with the depth of the crevice, dyes. This repulsion and the ordo-electric attraction toward
the magic angle explain the bistable oblique orientation observed onto the T1 plate and the
monostable oblique orientation in the evaporation plane onto the T2 plate and the T3 plate.

5.3.4. The Zenithal Orientation. — The molecular tilt angle of the molecules onto the surface
is presented in Figure 12. We plot cos? § versus the measured thickness of the SiO layer, dmes,
for the two evaporation angles: a = 74° and a = 84°. When the thickness increases, cos? 6
goes from 0, the planar orientation without SiO, to 1/3, the magic angle obtained for thick
rough layer. This indicates that when the rough layer thickness increases, the ordo-electric
effect increases compared to the van der Waals interaction with the substrate that induces
planar orientation. The obtained magic angle confirms that the nematic melts close to the
rough surface.

5.3.5. Conclusion of the Comparison. — The simple Berreman-de Gennes model taking into
account only the elastic energy from the surface undulation cannot explain the azimuthal and
zenithal orientation onto the three kinds of surface. The surface melting is proved in one case
by the Papanec measurements [25]. We have in this work a indirect evidence of the surface
partial melting from the values of the melting parameter listed in Table IV. The new model
of orientation by ordo-electricity and along the direction that minimize the partial melting on
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the surface explain well the different observed orientations. We have here an experimental
confirmation of this model.

Note however that the predictions of the two models. the elastic Berreman-de Gennes and
the partial melting one, are almost the same for the azimuthal orientation: the molecules on the
surface tend to orient along the direction of minimum of curvature. The main difference appears
for the value of the anchoring energy. The elastic model gives an azimuthal anchoring energy
by unit area that diverges for high g: Wy = K A%2¢3/4. For the studied surface this energy could
reach 30 erg/ cm®. This corresponds to an unphysical surface extrapolation length ~ 3 A. The
new model, in the limit of high roughness, gives a surface energy: W, =~ K, /& where Kj is
the elastic curvature constant close to the rough surface and & is the coherence length of the
nematic-isotropic transition near the rough surface. Wj is then proportional to the cube of the
order parameter near the surface and goes to zero for complete melting induced by the surface.
The typical order of magnitude for the azimuthal surface energy: W, =~ 0.01 erg/cm? [27]
corresponds to a partial melting with the surface order parameter close to one fifth of the bulk
order parameter.

6. Conclusion

To explain the observed transition of the orientation of a nematic liquid crystal onto a SiO
layer, we have studied the topography of this layer by transmission electron microscopy. We
have analyzed the surface anchoring transitions, using various models.

Our electron microscopic observations have been made in two geometries: normal to the
layer and on cross sections obtained by ultramicrotomy. We have varied the evaporation angle
from 60° to 84° and the SiO thickness from 40 A to 1500 A.

¢ For all the studied evaporation conditions the SiO layer is made of individual columns or
needles tilted in the plane of evaporation. Their tilt angle from the normal of the substrate
is about 45° for large enough SiO thicknesses. For very thin layer only (d =~ 40 A), we
observe a tilt of 35° probably due to a substrate interaction.

e When the layer thickness increases from 100 A to 1500 A, the diameter of columns or
needles increases but saturates close to 250 A for the three evaporation angles.

e When the evaporation angle «, goes from a grazing incidence (o = 84°) to a tilted one
(e = 60°), we observe a transition between well-separated needles to packed columns.
Between these two cases the columns joint together in the direction perpendicular to the
evaporation plane making walls separated by deep crevices.

Looking at the nematic liquid crystal surface orientation on these plates, we find that the
transition of the nematic orientation on the SiO film from planar.to tilted corresponds to the
film texture transition from packed columns to separated needles. The intermediate crevice
texture gives the bistable anchoring for thin films (wall height ~ 150 A) and tilted anchoring
when the film is thicker (wall height > 300 A).

All our observations indicate that the roughness of the SiO films is very important. The
Berreman-de"Gennes model cannot be used to explain the orientation mechanism onto the SiO
films. This elastic model works only on smoother surfaces. We have measured the amplitudes
and the wave lengths of the roughness. We observe at least one direction on the surface along
which the molecules cannot orient without partial melting.

Our electron microscopic study of the SiO films proves the validity of the new model of
surface orientation of the nematic liquid crystal by partial melting and ordo-electric effect.
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The zenithal orientation is given by the attraction on the magic angle cone due to the ordo-
electric effect and the van der Waals interaction with the anisotropic surface. The azimuthal
orientation is along the direction of minimum roughness to minimize the order parameter
decrease (partial melting) on the surface. The azimuthal anchoring energy is mainly given by
the difference of surface energy between the partial melting in the different directions; this
energy vanishes in the case of complete melting.
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