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Liquid Crystal Properties and Self Alignment
of Silver (Ag) Nanowires as a Function of Flow

COLIN D. PRESTON, LIANBING HU,
AND L.J. MARTINEZ-MIRANDA*

Department of Materials Science and Engineering, Energy Research Center,
University of Maryland, College Park, MD, USA

We study the liquid crystal properties of nanowires (NW) of silver (Ag) as a function of
flow of the solvent. We are interested in the structure intermediate between the liquid
crystal phase and the isotropic phase, known as the heterogeneous phase, and how
preferentially “ordered” this phase becomes with flow. This heterogeneous phase refers
to that phase where the NW'’s are aligned in general along one direction, like a liquid
crystal, but from NW to NW they vary in their angular orientation.

Keywords nanowires; lyotropic liquid crystalline; polarized microscopy; transparent
electrodes

1. Introduction

Transparent electrodes and connections are of interest because of their increased use in
liquid crystal displays, photovoltaics, solar cells and light-emitting diodes. The most used
transparent conductive film is indium tin oxide (ITO), but the limited supply of indium
makes the research on other transparent conductive materials critical [1-6]. In addition, the
ITO is not ideal for flexible devices, since it is a ceramic and it is brittle, which makes the
research on materials such as silver more attractive [2, 3, 6, 7]. Ag NW’s have been used
for this purpose because of their high conductivity, good mechanical properties and ease of
preparation of the Ag NW for the different applications where it is used [8, 9]. Other metals
have been considered, such as copper, and carbon nanotubes [2, 7, 10, 11]. The connections
are supposed to be invisible to the eye in the applications mentioned. Thus we need the
nanowires assembled in a structure that is smaller than 50 pm [8], since any patterns larger
will be visible to the naked eye.

The goals of this work are to use the nanowires (NW) in the heterogeneous phase
as transparent electrodes for photovoltaics and solar cell applications instead of ITO; and
to choose the arrangement where a directional current is obtained and where it will be
maximum, while keeping the film’s transparency.

*Address correspondence to L. J. Martinez-Miranda, Department of Materials Science and
Engineering, University of Maryland, College Park, MD 20742, USA. E-mail: jmm@umd.edu

Color versions of one or more of the figures in the article can be found online at
www.tandfonline.com/gmcl.
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Figure 1. Phase diagram of temperature as a function of concentration, based on Refs. [12,13].

NW’s form a lyotropic liquid crystal depending on the concentration of the solvent
that serves as host [see, for example, 12]. The phase diagram for Ag NW’s is believed to
be similar to that shown in Figure 1 for rigid-rod polymers [12, 13]. The heterogeneous
phase exhibits properties between the isotropic and the liquid crystalline phase. It can be
influenced by flow [14 — 20].

The phase diagram under flow (flow vs concentration) is very similar to that in
Figure 1. At present the specific shape of the phase diagram is under research. The desired
heterogeneous phase is just underneath the liquid crystal phase (shown in the red cut line).
This proximity ensures that the NW’s are still overlapping, able to conduct the current and
keeping NW grouping is tight.

2. Experimental

The flow can be varied using different techniques, such as tilting the substrate at different
angles [12], or varying the velocity imposed when the sample is placed on the substrate with
a pipette. The flow is varied by using gratings in this work. The gratings add another term
to the speed of the NW’s. The gratings contribute an open channel shear flow in addition
to the Couette flow on the surface of the substrate seen in Equation 1 and in Figure 2.

2
V= \/(Avopen channel) + (BVCOuetle)2sAv B constants (1)
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Figure 2. The contributions to the open channel shear flow and the coquette flow created by the
grating.
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Figure 3. Deposition of a 10mg/ml mixture of Ag NW in ethanol in a 0.5 um deep grated surface,
just after deposition (a), and when the alcohol is almost evaporated (b), and a non-treated surface (c).
The arrows in b and c designate the direction of the flow.

We have tested gratings of 0.5, 0.25 um in depth and compared them with the case
where there are no gratings on the substrate. Initially, we used a 10 mg/ml concentration of
Ag NW. We analyze the samples using polarizing microscopy. The sample is filmed while
the alcohol evaporates. This allows us to measure the shear flow. The final arrangement of
the NW can be measured with a two point probe in order to measure the current.

3. Results and Discussion

The gratings impose a direction to the flow of the mixture as illustrated with the arrows
depicted in Figure 3, which was taken with polarized microscopy. Figure 3 (a) and (b) show
the NW’s on a 0.5 pum grating just as the NW’s are deposited n Figure 3 (a), and as the
alcohol evaporates in Figure 3 (b). The arrow shows the direction of flow in Figure 3 (b).
Figure 3 (c) shows the evaporation on a plain glass slide. The arrows show that the flow
does not have a particular direction.

Figure 4 shows the orientation and relative size of the grouping of the resulting het-
erogeneous phase depending on the grating depth, just as the alcohol dries. The bright
portions designate the NW’s. Figure 4(a) shows the 0.5 um deep grating; Figure 4(b)
shows the 0.25 um grating and Figure 4(c) shows the plain glass. The NW’s are tighter
and are oriented at almost 90° with respect to the gratings in Figure 4(a) as compared to
Figure (b) and (c). An independent study using scanning electron microscopy (SEM). SEM

Figure 4. The structure of the NW’s as the alcohol evaporates: a. the 0.5um deep grating; b. the
0.2um deep grating and c. no grating at all.
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Figure 5. 1-V curve for the 0.5 um deep grating, in the direction perpendicular to the gratings (black)
and parallel to the gratings (red). The curves give a resistance of 12.5 2 for the perpendicular direction
and larger than 2000 €2 for the parallel direction.

shows that the heterogeneously aligned NWs are at or close to 90° with respect to the
gratings.

Figure 5 shows the IV curve taken on the 0.5um deep grating. The IV curve in the
direction perpendicular, designated by black, and parallel, designated by red, to the gratings
measured with a two point probe shows that there is a directional current. The resistance
shown is that for the heterogeneous bundles and is measured across the length of the set of
NW’s.

4. Conclusions

We have investigated the effect of the flow on the ordering of and the resulting phase of
samples consisting of NW’s of Ag. We have used gratings of different depths to vary the
flow and to align the NW’s along one direction. Our preliminary results show that one can
obtain an ordered distribution of the heterogeneous phase and a directional current if we
change the depth of the grating.
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