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Electric Field–Induced Ordering of the Worm-Like
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We propose a new method to form solid, silicon-containing, substrate-supported
films with ordered cylindrical pores. Such films may be used as low-dielectric-
constant interlayers in microelectronics. First, liquid films are obtained in a
plane-parallel glass capillary, using a precursor solution of the worm-like micelles
as a template. An ac electric field of the order of 104 V=cm is applied to orient the
micelles in one direction. Further on, after solidification of the precursor solution
under the field and its calcination in a vacuum furnace, solid dielectric films are
formed. These films possess high mechanical modulus and are expected to have
low dielectric constants.

Keywords: calcination; Fredericks transition; liquid crystal templating method;
low-k materials; precursor solution; worm-like micelles

INTRODUCTION

Substances with low dielectric constants, k (the so-called low-k materi-
als), are widely used in electronic industry (e.g., [1]). As dielectric
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interlayers in electronic chips, they strongly increase the speed of
propagation of electric impulses and reduce dielectric losses.

In most cases, low-k materials are silicon-containing substances
with spatially ordered pores. The presence of pores makes k lower,
whereas the pores’ ordering increases mechanical properties of the
material. Such substances are commonly produced by the so-called
‘‘liquid crystal templating’’ method (e.g., [2–4]), when some liquid crys-
talline (precursor) solution is used as a template for further fabrication
of the silicon-based solid substance (or film). Solid material (film) is
obtained in the course of the hydrolysis reaction. Pores result from
the calcination (keeping the substance in a vacuum furnace at several
hundred degrees �C) to burn out the organic liquid crystalline template.

One of the effective ways of increasing the pore ordering in a low-k
material (and, hence, of improving its mechanical properties) is the
aligning of molecular aggregates in a precursor template solution
by some external force ‘‘flow, field.’’ The elongated-form worm-like
micelles, or polymer chains of the liquid crystalline template, will ori-
ent themselves along the direction of this force (see Fig. 1). Indeed,
both the worm-like micelles and polymers have been already unidirec-
tionally aligned by a hydrodynamic flow (e.g., [5–7]), micelles by a
magnetic field (e.g., [8,9]) and polymers by a dc electric field (e.g.,
[10,11]).

Spatial ordering induced by the action of an external force can be
then preserved in a solidified state and further on after calcination.
Porous materials obtained by this method are expected to have a con-
siderable pore bulk fraction (i.e., low k values) and strong mechanical
properties.

In this article we propose and experimentally test a new, original
method of the ac electric field–induced orientation of the worm-like
micelles in a precursor solution. We also describe and test the

FIGURE 1 Schematic representation of the worm-like micelle-containing
system: (a) disordered micelles and (b) micelles ordered by an external force.
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procedure of preparation of solid porous dielectric films using the
proposed technique.

The advantage of our method, with respect to the previously used
force-induced ordering procedures, is its simplicity. Indeed, all earlier
techniques used for ordering of the worm-like micelles and polymer
chains in precursor solutions are quite complex. The alignment of
micelles by a hydrodynamic flow and by a magnetic field is hardly rea-
lizable in industrial conditions. The former method demands a special
Couette cell, whereas the latter one requires a massive electromagnet,
giving a sufficient field of the order of 10 T. The orientation of the
worm-like micelles or polymer chains by a dc electric field may often
be complicated by an electric charge transport.

METHODOLOGY

In our experiments we used a water-based precursor solution of the
following composition:

1. 5–50 mM=l of the cationic cetyltrimethylammonium bromide
(CTAB) surfactant, CH3(CH2)15�(CH3)3Nþ�Br�;

2. 5–50 mM=l of the strongly binding sodium salicylate (NaSal) salt,
ortho-OH�C6H4�COO��Naþ;

3. 1 M=l of the silicon-containing material tetraethyl orthosilicate
(TEOS), Si(OC2H5)4; and

4. 0.1 M=l of the hydrochloric acid, HCl.

Details on preparation of precursor solutions are reported by us in [4].
Both the worm-like micelle containing CTAB=NaSal=water solution

(solution 1) and CTAB=NaSal=TEOS=HCl=water precursor solution
(solution 2) were utilized for measurements.

The optimal condition for formation of the worm-like micelles in our
system is the equimolar ratio of CTAB and NaSal. In this case, the
strongly binding Sal� ions easily penetrate between (CH3)3Nþ CTAB
surfactants heads and increase the distance between the latter. As a
result, energetically favorable cylindrical (or worm-like, for larger
scales) packing is being formed. For more details on this issue see,
for example, Refs. [4] and [12].

For optical measurements, both solutions 1 and 2 were placed into
standard liquid crystal (LC) cells consisting of two plane-parallel glass
substrates with transparent indium tin oxide (ITO) electrodes (Fig. 2a).
For preparation of solid films, one of the glass substrates was replaced
by a rectangular peace of Si wafer, covered with TiþAl electrode-layer
(Fig. 2b). The lower substrate of the LC cell was separated from the
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upper one by the 3.5-mm-diameter polystyrene ball spacers. The thick-
ness of an empty cell was measured by means of the light interference
method and was found to lie within the 3.7–4.5-mm interval.

EXPERIMENTS AND RESULTS

The prepared samples (LC cells containing solutions 1 and 2) were
studied by means of the standard polarization-optical technique (see,
e.g., [13]). The polarization-optical setup included an He-Ne laser,
polarizer, cell-holder, analyzer, photomultiplier, lock-in amplifier,
and synchronic detector.

We measured the intensity of light, I, transmitted by a sample,
placed between crossed polarizer and analyzer, dependent on
the applied ac sinusoidal voltage. The voltage was supplied by the

FIGURE 2 Experimental cells used for polarization-optical studies (a) and for
preparation of solid dielectric films (b). Director, n, shows the mean orien-
tation of the micelle long axes.
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functional generator within the 0–16-V interval. Unfortunately,
higher voltages were not attainable because of frequent dielectric
breakdowns of the samples.

The worm-like micelles’ long axes were oriented parallel to the sub-
strates of the LC cells (planar alignment) by a hydrodynamic flow in a
process of the cell filling (see Fig. 2). The cells were placed between the
crossed polarizer and analyzer at a 45� angle by its orientation axes to
obtain the maximal transmitted light intensity.

As has already been mentioned, the mechanism of orientation of the
worm-like micelles or polymer chains in a dc electric field may be quite
complex because of the migration of electric charges. However, in a quite
high-frequency ac electric field the charge transport is negligible, and
the orientation process takes place because of the interaction between
the applied electric field and the dielectric anisotropy of the medium.
This is the so-called Fredericks transition (e.g., [14]). This effect bears
a threshold character—the reorientation starts from a certain value of
applied electric voltage: UF ¼ p[(4pK)=De]1=2. Here K is average elastic
module of the precursor solution; De is its dielectric anisotropy.

Complete micelle (polymer) reorientation (parallel or perpendicular
to the applied electric field, depending on the sign of dielectric ani-
sotropy) takes place at the so-called saturation electric voltage,
Usat >> UF.

In the studied case of the worm-like micelles, we can speak about
the reorientation of the director n (a unit vector showing the mean
orientation of the long micelle axes); see Fig. 2.

Mechanical properties of dielectric films should certainly depend on
the conditions of the film preparation, in particular, on the applied ac
electric field frequency. Indeed, hardness and Young’s modulus of the
film have the higher values; the higher is the degree of the pore spatial
ordering. The latter is induced by the applied electric field and should
depend on the field frequency. For low electric field frequencies
(f << fopt, optimal experimental frequency), the electric charge trans-
port is important. It can damage the pore ordering and hence decrease
mechanical modulus of the film. For higher frequencies (of the order of
fopt), the charge transport is negligible, and the degree of the pore
ordering and mechanical modulus of the film should be higher.

Figure 3 shows time dependencies of I measured for different fre-
quencies of the applied voltage (U ¼ 16 V) for solution 1. Using data
represented in Fig. 3, we have chosen the optimal frequency for our
experiments: fopt ¼ 1 kHz. Such value of frequency is most often uti-
lized for electro-optical measurements of liquid crystals. Note that
not only the charge transport but also the contribution from the Kerr
effect at this frequency is negligibly small in our system (e.g., [15]).
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Figure 4 shows time dependencies of the transmitted light inten-
sity, I, for different applied voltages for solution 1. The inset to this
figure represents the same for solution 2.

The difference in the values of I of this figure and of the inset is
most probably related to different initial degree of the micelle orien-
tation. In the former case it is higher than in the latter one.

The Fredericks effect threshold voltage for both solutions is about
2 V. When the voltage is further increased, the transmission intensity
is decreased. This means that the worm-like micelles (or director n)
tend to orient themselves parallel to the electric field (positive dielec-
tric anisotropy), that is, perpendicular to the cell walls (Fig. 2).

It is evident from Fig. 4 that the voltage response and relaxation
times for both solutions are quite long—of the order of 100 s. This
can be explained by specific structure and viscous properties of the
studied worm-like micelle–containing systems (e.g., [16,17]).

Finally, we tried to fabricate the electric field–ordered solid films on
the basis of our precursor solution (solution 2). With this purpose we

FIGURE 3 Time dependencies of the transmitted light intensity measured
for different frequencies of the applied voltage (U ¼ 16 V) for solution 1 (com-
position: CTAB, 25 mM=l; NaSal, 25 mM=l). The cell thickness h ¼ 4.1mm.
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filled several LC cells, having one Siþ (TiþAl) substrate (see Fig. 2b),
with the precursor solution 2. Further on, the 1-kHz-frequency 16-V
electric voltage was applied, and the samples were kept in it for sev-
eral hours at 60�C. As a result, the precursor solution was solidified.
By taking off the upper glass substrates, we obtained solid dielectric
films on Siþ (TiþAl) wafers. These films were further kept for
1 min, respectively, at 150 and 250�C (soft and hard baking) and for
several hours at 450�C in a vacuum furnace (calcination) to evaporate
resting water and to burn out the organic substances.

Unfortunately, considerable thickness (several mm) and inhomoge-
neous free surface of the obtained electric field–ordered solid films at
present make their structural investigations (TEM) and measure-
ments of their dielectric constant difficult. Note, however, that we expect

FIGURE 4 Time dependencies of the transmitted light intensity measured
for different values of the applied ac voltage (f ¼ 1 kHz) for solution 1 (compo-
sition: CTAB, 25 mM=l; NaSal, 25 mM=l). The cell thickness h ¼ 3.7mm. In the
inset: the same for solution 2 (composition: CTAB, 25 mM=l; NaSal, 25 mM=l;
TEOS, 1 M=l; HCl, 0.1 M=l). The cell thickness h ¼ 4.1mm.
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that our films should have ordered structure and low values of k.
Indeed, this may be concluded from our study of the films prepared
from precursor solution 2 by spin-coating on Si wafers and by further
baking and calcination [4]. Our TEM analysis of these films shows
the presence of domains containing mutually parallel cylindrical pores
several mm in length and 50 nm in diameter. Our capacitance measure-
ments give k < 3 for these films (there is some water absorption).

Nevertheless, we have managed to characterize the mechanical
properties of our films. By means of a nanoindentation method, we have
measured the minimal values of hardness and Young’s modulus for two
solid films prepared according to the previously described procedure,
without application of the external electric field and in the field, respect-
ively (see Table 1). The second film shows higher values of the mechan-
ical parameters than the first one. In our opinion, this is due to the
electric field–induced micelle (and, consequently, pore) ordering.

Note that the minimal values of hardness and Young’s modulus for
the analogous films spin-coated on Si wafers (without application of the
electric field) [4] are of the same order of magnitude. For comparison,
for commonly used SiLK low-k material (e.g., [18]), the latter mechan-
ical parameters are one order of magnitude lower (see Table 1).

By means of the atomic force microscopy, we have also estimated
the mean surface roughness, R, of the previously mentioned two films
(prepared without and with application of electric field). The same
tendency of improvement of the film quality due to the action of an
external field is observed: for the film prepared without application
of the field, R ¼ 0.65 nm, whereas the surface of the electric field–
ordered film is smoother, R ¼ 0.55 nm.

CONCLUSION

In summary, we have proposed and experimentally studied a novel
simple method of the ac electric field unidirectional alignment
of worm-like micelles in a precursor solution. Solid dielectric Si

TABLE 1 Mechanical Properties of Some Dielectric Films

CTAB=NaSal=TEOS

Dielectric film
Without electric

field
In Electric

field
Spin-coated

film [4] SiLK [18]

Hardness, GPa 2.5 3.0 2.7 0.38
Young’s modulus, GPa 28.5 30.5 29.6 2.45
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wafer-supported films were produced by means of the proposed tech-
nique, and their mechanical properties and surface roughness were
measured. It was found that the micelle electric field–ordering
increased the mechanical properties and decreased the surface rough-
ness of the obtained solid films. These films are also expected to have
low dielectric constants and, hence, could be used as low-k interlayers
in microelectronics.

Nevertheless, it is clear that further work on the improvement of
the quality of the obtained dielectric films (i.e., on making their sur-
face smoother and their thickness lower and homogeneous) is needed.
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