Microarrays of silver nanowires embedded in
anodic alumina membrane templates: size
dependence of polarization characteristics
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Polarization characteristics of microarrays of silver nanowires embedded in an anodic alumina mem-
brane are theoretically investigated. The microarrays mainly transmit the p-polarized wave, whereas
they strongly attenuate the s-polarized wave in the near- and mid-infrared spectral range. We show that
the sizes (e.g., diameter, spacing, and ratio of diameter to spacing) of the nanowires strongly affect the
optical losses for the polarized waves. It is predicted that large extinction ratios and small insertion losses
can be simultaneously achieved by an appropriate choice of the ratio and the diameter. An optimized
design of a nanowire grid polarizer at near- and mid-infrared wavelengths is presented. © 2006 Optical
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1. Introduction

Polarization plays a key role in optical devices such as
switches, isolators, and modulators. With the devel-
opment of optical techniques, there are increasing
requirements for miniaturization and highly efficient
performance of optical polarizing elements. Micro-
optical polarizing elements have received increased
attention owing to their potential applications in op-
tical communications, optical integrated circuits, and
orientation detection. In contrast to the conventional
metal wire grids fabricated by evaporation!-2 and li-
thography3-4 methods, arrays of metal nanowires can
be synthesized through a facile template-based syn-
thesis approach® rather than complicated and expen-
sive techniques. As early as 1989, Satio and co-
workers proposed a wire grid made of an alumina
film, which indicated the polarization performance.é
In an attempt to improve the polarization properties,
ordered arrays of metal nanowires with a onefold size
embedded in an anodic alumina membrane (AAM)
template have been synthesized successfully,” which
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can work as an efficient wire-grid polarizer at near-
infrared wavelengths.

Of particular significance is the size evolution of
polarization performance in the metal wire grids. For
instance, the first wire grid of copper with a diameter
of 1 mm and a spacing of 3 cm was made for a 66 cm
radio wave.l® Subsequently the spectral range was
further extended from the radio wave to the far-
infrared band® by use of noble-metal wires 25 pm in
diameter. An interesting result was that a wire grid
with a wire spacing of 0.463 pm was fabricated by the
evaporation of metal on a plastic grating replica,!
which exhibited the polarization phenomenon at mid-
infrared wavelengths. Recently, an aluminum wire-
grid polarizer of 0.39 um wire spacing was fabricated
by electron-beam lithography and the lift-off meth-
od3; the polarization characteristics were demon-
strated at the wavelength band of 0.8 pm by an
s-polarization resonance effect. Moreover, the exper-
iment shows that the s-polarization transmittance 7,
and the extinction ratio 7,/7T, depend strongly on the
width and thickness of the aluminum wires. As the
width increases, T, decreases while T,/T), increases;
for a fixed width, T;/T, increases monotonously with
an increase in the thickness of the wires. From the
size evolution of the properties, it is clear that metal
wire grids with a smaller diameter and spacing will
exhibit an efficient polarization phenomenon at
shorter wavelengths. In this case, the diameter and
the spacing of metal wires can be further reduced to
a few nanometers by means of a self-assembly strat-
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Silver nanowire

Fig. 1. Schematic illustration of a microarray of silver nanowires
embedded in an AAM template.

egy,1° which can be expected to fabricate an efficient
metal wire grid at near-infrared wavelengths, espe-
cially the major telecommunication wavelengths
(e.g., 1310 and 1550 nm). Our major interest is how to
enhance the extinction ratio and reduce the insertion
loss of the metallic nanowire arrays at these wave-
lengths. Therefore a detailed study of the size evolu-
tion of polarization properties of arrays is needed.
Here, we present a theoretical investigation of polar-
ization characteristics of microarrays of silver nanow-
ires embedded in AAM templates. Both the
mechanism of polarization and the effect of the sizes
(e.g., diameter, spacing, and ratio of diameter to spac-
ing) on the polarization properties at the near- and
mid-infrared wavelengths are explored in detail; we
also present a design of a nanowire-grid polarizer at
optimum dimensions at the wavelengths investi-
gated.

2. Theory

The microarray shown here is a hexagonally packed
nanostructure (Fig. 1), which consists of an ordered
arrangement of silver nanowires embedded in an
AAM template; the nanowires with a diameter of 2a
and spacing of b are parallel to each other and per-
pendicular to the surface of the template.

We consider a light wave that reaches the bound-
ary of the silver nanowires and alumina at normal
incidence (as shown in Fig. 1). The wavenumbers %,
and k, can be expressed as k; = 2wn,/\ and k,
= 2mny/\; here \ is the wavelength of the incident
wave in vacuum, n, represents the refractive index of
alumina, and the optical constant n, (the so-called
complex refractive index) of silver can be written!! as
ny, = n, — ik, where n, and k are the refractive index
and the extinction coefficient, respectively. E; and E,
are the electric fields of the incident waves, corre-
sponding to light polarized parallel (s polarization)
and perpendicular (p polarization) to the nanowire
axis. We can determine the optical losses of a row of
the nanowires by considering a coupling effect of ad-
jacent nanowires,'2 if we consider a row of the
nanochannels of the AAM as fully filled with silver
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nanowire; then the transmission coefficient is given

by
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where i = s, p, the subscript f means the full filling of
the nanochannels, and v and r;; are two parameters
dependent on the polarization direction. Further-
more, we can obtain the quantities by using the
boundary conditions. For s polarization the parame-
ters take the forms
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where J,, and J; are Bessel functions of the zeroth and
first orders, respectively, and J,’ and ;" are their
corresponding derivatives, respectively.

Previous theoretical treatments were based on a
simplified assumption that the nanochannels of an
AAM are fully filled with the nanowire when the
optical losses of the whole nanowire microarrays are
determined.’3 In fact, full filling (100%) of the
nanochannels is still a significant challenge via the
self-assembly approach,’* which requires that the
nanowire nucleation occur simultaneously in all of
the nanochannels, and that the growth rate of the
nanowires be uniform to ensure that the nanowires
are uniform in length and equal to the thickness of
the template. Considering the filling inhomogeneity
in fabricating nanowire arrays, a filling fraction of
the nanochannels should be incorporated into this
theoretical calculation. First, the optical loss per
thickness «;, for a partial filling for n rows of nano-
wires can be expressed as

Vp
= vf aiﬁ (6)

aip

where i = s, p; o is the loss per thickness for a full
filling; and V, and V; represent the total volumes of
the nanowires with the partial and the full fillings,
respectively. At this point, V, = m,ma’l, and V;
= myma’l; here m, and m,are the average numbers of
the nanowire nucleation for the partial and full fill-



Fig. 2. Schematic drawing of the microarray with n rows of
nanowires.

ing, respectively, and /, and [; correspond to the av-
erage lengths of the nanowires partially and
completely filled in the nanochannels, respectively.
Equation (6) is now written as

O(ip = 80Lif, (7)

where & = §,,5,, defined by the filling fraction of the
nanochannels. In addition, §,, = m,/m;and &, = [,/
which represent the average percentage of the
nanowire nucleation in contrast to the nanochannel
number and that of the nanowire length compared
with the thickness of the template, respectively.

On the other hand, the optical loss of per-thickness
;¢ of the microarray with n rows of nanowires filled
completely into the nanochannels (as shown in Fig. 2)
is given by
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The extinction ratio L, and the insertion loss L, for
the partial filling can be defined by (o, — ,,)d and
o, d, respectively. Consider the thickness d of 10 um
(the number of rows n >> 1); in terms of Egs. (7), (8),
and (10), we then have
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3. Results and Discussion

Optical loss spectra of the microarrays can be numer-
ically simulated based on Eqs. (11) and (12). The
refractive index n; of alumina is obtained from Ref.
15 and the optical constant n, of silver is taken from
the compilations of Lynch and Hunter.1?

In general, the diameter and the spacing of the
nanowires embedded in the AAM template are con-
sistent with those of the nanochannel of the template
for a typical self-assembly process, respectively. Here
we demonstrate two configurations of the template to
explore the size evolution of polarization character-
istics. One template with large-scale nanochannels
(e.g., 100 or 130 nm spacing) is prepared by a two-
step anodization process in an oxalic acid solution
(oxalic acid template)6:17; the other with small-scale
nanochannels (e.g., 70 nm spacing) is fabricated by
means of a similar process in a sulfuric acid solution
(sulfuric acid template).18

Although it is difficult to determine the filling frac-
tion of the nanochannels for nanowire arrays embed-
ded in an AAM in current experiments, and the filling
from Ref. 7 has not been performed either, we can
approximately estimate the filling fraction in terms of
the actual fabrication” and other groups’ results sim-
ilar to those of the experiment. For instance, the in-
vestigation of Mossbauer spectra showed a 30%
filling fraction for Fe nanowires embedded in an AAM
template.1® Miiller et al. reported that the filling of
silver nanowires in the template is rather low and not
continuous when electric force microscopy is used,
and they attributed the filling interruption to defects
and hydrogen development.2° A favorite result is that
most of the nanochannels can be filled with silver
nanowires to 90% in length under a specific pulsed
electrodeposition with a constant-current condition.2?
Recently, Stacy’s group also explored the filling. They
observed the nucleation percentage in 65%—75% for
Bi,Te; nanowire arrays prepared by a direct-current
(dec) electrodeposition.4 Furthermore, a high nucle-
ation percentage in 85%-90% of the nanochannels
was achieved by use of potentials that were as posi-
tive as possible, and the length percentage of Bi; _,Sb,
nanowires was approximately one third of the thick-
ness of the template.22 Since the status of the tem-
plate has a profound effect on the nucleation
percentage, which includes grain boundaries,4 struc-
tural defects,2? and channel blockage from impurity
adsorption,23 the nucleation percentage in the previ-
ous experiment is estimated as 70%, similar to what
Stacy’s group reported above in view of a large area of
the template.’* On the other hand, the length per-
centages of the nanowires are influenced by not only
the growth time but also by the growth rate of the
nanowires, strongly depending on the electrodeposi-
tion conditions such as deposition modes (e.g., dc or
pulsed electrodeposition), applied potentials, electro-
lyte solution, and temperature.24-26 In the previous
experiment, the silver nanowire array embedded in
an AAM was prepared by a general dc electrodeposi-
tion. In addition, considering an element nanowire
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Fig. 3. Optical loss spectra of a microarray of silver nanowires

90 nm in diameter and 130 nm in spacing: (a) theoretical results,
(b) experimental data by Pang et al.”

array compared with the alloy nanowire array from
Ref. 22 and fabrication by pulsed electrodeposition,2!
we can approximately evaluate a 60% average per-
centage of the nanowire length compared with the
thickness of the template. As a result, the filling frac-
tion of the nanochannels is estimated at 42% in the
experiment.”

Compared with the experiment,” theoretical loss
spectra of a silver nanowire microarray embedded in
an AAM are shown in Fig. 3(a). It can be seen that L,
increases while L, decreases with increasing wave-
length, which is in agreement with the experiment
[as shown in Fig. 3(b)]. Furthermore, we find several
separated peaks at 1240, 1350, 1459, 1653, and
1907 nm in the spectrum of L,, which possibly origi-
nate from those peaks of the complex refractive in-
dexes of silver at the relevant wavelengths, and those
are actually observed owing to the data errors se-
lected from Ref. 11. In addition, the peaks at those
wavelengths are not obvious in the spectrum of L,
because the peaks have been concealed by the larger
values of L,; nevertheless, those peaks can also be
observed in the spectrum with lower L,, as demon-
strated below. On the other hand, both L, and L, are
still slightly higher than those obtained in the previ-
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Fig. 4. Diameter dependence of optical loss spectra of silver
nanowire microarrays for a fixed spacing of 100 nm.

ous experiment when only the filling fraction, which
is regarded as a primary factor that affects the optical
losses in values, is considered. First, the estimation of
the filling fraction is not accurate in view of the con-
crete experimental conditions in contrast to other
groups’ similar results. Second, the nanochannels are
not perfectly arranged by a hexagonally packed pat-
tern in a large area and the shape of the channels is
not completely cylindrical.’® In these cases, the shape
and the ordered degree of the nanochannels perhaps
influence the optical losses. Furthermore, the dis-
crepancy is possibly due to the different crystalliza-
tion and density of the silver nanowires for
comparison with those of the films from the compila-
tions.1?

To achieve the loss spectra in a wider wavelength
region, here we extend the spectra range beyond
those in the experiment. Figure 4 shows optical loss
spectra of microarrays of silver nanowires embedded
in the oxalic acid templates with different diameters
at near- to mid-infrared wavelengths. Both L, and L,
increase with an increase in the diameter from 30 to
70 nm. For an s-polarized wave propagating along
the z direction (Fig. 1), a strong Fresnel reflection
occurs at discrete interfaces of the nanowires and
alumina matrix because of the distinct difference of
the optical constants between silver!! and alumina.5
In this respect, the increase in the Fresnel reflection
with the wavelength is mainly due to the increase in
the reflectivity2” Ry for the s-polarized wave at nor-
mal incidence, and we write

_(n, - ny)? + k?

C(ng+n)?+EY (13)

F

In addition, driven by the field E, along the nanowire
axis, the conduction electrons in the metal lose en-
ergy both by electron—phonon and electron—lattice



defect interactions, and, in this case, the wave is
absorbed. Hence optical loss for s-polarization is de-
rived from the Fresnel reflection and the absorption.

On the other hand, for thin nanowires of tens of
nanometers in diameter, the electrons driven by the
field E, are not free to move very far (hundreds of
nanometers) in the direction perpendicular to the
nanowire axis because the mean-free path of the elec-
trons in the metal is close to the nanowire diameter;
therefore the field component of the p-polarized wave
will not change essentially. Because the diameter of
the nanowires is very small compared with those
wavelengths, the average scattering cross section Cy,,
per cylindrical nanowire can be estimated according
to the Rayleigh approximation for p polarization2s;
we express the quantity in the form

Cscazgﬂk14|a|27 (14)
where |a|?is defined by
|a|2=h2|ax|2+q2|ay|2+l2|az|2; (15)

here o; is the polarizability tensor along the three
main axes (j = x, y, z) for an ellipsoid (see Fig. 1) and
h,q, and [ are the direction cosines of E; (i = s, p) with
respect to the three main axes of o;. When considering
the ellipsoid particles embedded in the host medium
of vacuum,2® we have

V n22_ 1 (16)
o=
J 4T|' 1 + Lj(n22 - 1)’

where L; are the Lorentz depolarization factors (L,
+ L, + L, = 1) related to the three axes and V
represents the volume of one ellipsoid. In terms of the
host medium of dielectric (e.g., alumina), the polar-
izability tensor takes the form

V n22 - n12

o= 4 .
J 4"“' n12 + Lj(n22 - nlz)

am

If the nanowire is assumed to be cylindrical, we have
L,=0and L, = L, = 1/2. In addition, for p polar-
ization, h = [ = 0 and ¢ = 1 in Eq. (15), we note the
extinction coefficient £ >> n, from Eqs. (14), (15), and
(17), and the Rayleigh scattering cross section is
given by

Cyo = 2k,*V?/3. (18)

If we take into account the same irradiation area for
the incident waves, the Rayleigh scattering loss Ly is
given by

LR o mpslz(a/)\)4. (19)
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Fig. 5. Spacing dependence of optical loss spectra of silver nano-
wire microarrays for a fixed value of 50 nm in diameter.

It is found that the insertion losses are approximately
consistent with the losses from the Rayleigh scatter-
ing (as demonstrated in Fig. 4). Therefore the inser-
tion losses may result from the contribution from
Rayleigh scattering by electric dipole radiation.

The optical loss spectra with different diameters
can be explained further for fixed spacing (e.g.,
100 nm); the number of nanowires is uniform for the
same incident area of the waves. There is an increas-
ing amount of metal to reflect and absorb the
s-polarized wave with increasing diameter; thus L,
increases, while the metal with an increase in frac-
tion takes part in the Rayleigh scattering for p polar-
ization, which leads to an enhancement in L,.

The optical loss spectra with different spacings are
displayed in Fig. 5. Both L, and L, are found to de-
crease when the spacing increases from 70 to 130 nm.
The number of the nanowire decreases with increas-
ing spacing as the diameter is uniform (e.g., 50 nm),
which results in a reduced amount of the metal that
reflects and absorbs the s-polarized wave, and in this
case L, decreases; similarly, L, also decreases owing
to the reduction of the Rayleigh scattering.

It is worth noting that both L, and L, clearly exhibit
the same size dependence of polarization character-
istics when one quantity (e.g., diameter or spacing) is
independently varied, as described above. Neverthe-
less, the current interest is in how to increase L, and
synchronously diminish L, in the spectral range. Fig-
ure 6 shows the diameter dependence of the optical
losses when different ratios of 2a to b are chosen (e.g.,
2a/b = 0.1, 0.3, 0.5, and 0.7). A slight increase in L,
is observed with increasing diameter from 7 to 13 nm
for 2a/b of 0.1 [Fig. 6(a)l; when 2a/b is increased
further, L, first increases and then decreases with an
increase in the diameter from 21 to 39 nm [Fig. 6(b)];
however, we find a diameter-dependent decrease in
L, when the value of 2a/b is 0.5 or larger [Figs. 6(c)
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Fig. 6. Diameter evolution of optical loss spectra of the microarrays of silver nanowires when different ratios of 2a to b are selected: (a)

2a/b = 0.1, (b) 2a/b = 0.3, (c) 2a/b = 0.5, and (d) 2a/b = 0.7.

and 6(d)]. On the other hand, L, is slightly enhanced
with increasing diameter for those chosen values of
2a/b [see Figs. 6(a)-6(d)]. Furthermore, it is also
found that L, remarkably increases with an increase
in the ratio of 2a to b from 0.1 to 0.7 for a fixed value
of spacing [as shown in Figs. 6(a)-6(d)].

The optical losses with different diameters for
those selected values of 2a/b can be analyzed as fol-
lows: Because both 2a and b display a strong influ-
ence on the optical loss for s polarization, different
contributions of the loss from those quantities will
give rise to the different L,. As 2a/b is very small
(e.g., 0.1), the contribution from the diameter possibly
becomes dominant compared with that from the
number (e.g., in inverse proportion to the spacing),
which results in a slight increase in L, with increas-
ing diameter. However, the contribution from the
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number becomes significant when 2a/b is larger (e.g.,
0.5 and 0.7); in this case, the diameter-dependent
decrease is attributed to the reduction in the number
of nanowires. For a mid-range 2a/b (e.g., 0.3), the
contributions from the diameter and the number do
not have a distinct difference. The contribution from
the diameter perhaps plays a dominant role at
shorter wavelengths; nevertheless, that from the
number may become increasingly prominent at
longer wavelengths. In fact, this case is complicated
for qualitative analysis because it is not enough to
interpret the reason when only the size and not the
wavelength is considered, according to the quantita-
tive description demonstrated in the theory section.

On the other hand, if we consider the same irradi-
ation area A, the number of nanowires in the hexa-
gonal arrays (Fig. 2) can be given by
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m, = 28,,A/(,3b%). (20)
Expression (19) now has the form
A
Lpo Yo 3,,5,7(2a/b)*(a®/\). (21)

\

When 2a/b is fixed, §,, and 3, are invariable, and we
have

Lg > (a®/\Y). (22)
Hence L, increases when the diameter increases for a
fixed value of 2a/b [Figs. 6(a)-6(d)]. Because the
number of nanowires is uniform for the same spacing,
the scattering loss can be evaluated to be propor-
tional to a*/\*. Consequently L, obviously enhances
with an increasing ratio of 2a to b for the same spac-
ing.

On the basis of the analysis of the diameter-
dependent polarization characteristics for the differ-
ent values of 2a/b, we see that a larger L, and a
smaller L, can be obtained by a proper choice of 2a/b
(e.g., 0.5), as shown in Fig. 6(c). In particular, L,
increases and L, decreases with decreasing diameter
from 65 to 35 nm. Therefore the large L, and small L,
can be simultaneously obtained when the diameter of
the nanowires for the selected 2a/b is reduced.

An important question concerning the design goal
of a nanowire-grid polarizer is the expected toler-
ances of the polarization properties. We note that an
Al wire-grid polarizer fabricated by electron-beam li-
thography exhibited an extinction ratio of 30 dB and
insertion loss of 0.97 dB (loss of 20%) at an 800 nm
wavelength band.? Recently a nanowire-grid polar-
izer fabricated by a nanoimprint lithography and
electron-beam evaporation process achieved a high
extinction ratio of 40 dB at the near-infrared spectral
range (e.g., C band).3° Zhou et al. successfully de-
signed an in-fiber polarizer by using 45° tilted-fiber
Bragg grating structures, and they obtained an ex-

tinction ratio of 33 dB near 1550 nm.3! Compared
with tolerances of those polarizers designed by lithog-
raphy approach, expected manufacturing tolerances
are extinction ratios of 40 dB and insertion losses of
0.5 dB for silver nanowire microarrays embedded in
the AAM template by the self-assembly strategy (e.g.,
at the telecommunication wavelength of 1550 nm); in
this respect >40 dB extinction ratio and <0.5 dB in-
sertion loss are the expected tolerances at longer
wavelengths. Because a slight increase in L, and a
remarkable increase in L, with increasing filling frac-
tion of the nanochannels are observed in Fig. 7, we
can achieve the expected design goal for the fabricat-
ing tolerance by enhancing the filling fraction when
selecting 0.5 for the ratio of 2a to & and 35 nm for the
diameter.

4. Conclusions

We have theoretically explored the polarization char-
acteristics of silver nanowire microarrays embedded
in AAM templates. The Fresnel reflection and ab-
sorption from silver nanowires led to the extinction
ratio and the insertion loss resulting from Rayleigh
scattering from the nanowires. The optical losses
were found to be strongly dependent on the diameter,
the spacing, and the ratio of diameter to spacing for s
and p polarizations. We can simultaneously achieve
large extinction ratios and small insertion losses by
selecting an appropriate 2a/b as well as by reducing
the diameter. It is predicted that the sizes (e.g., 2a/b
of 0.5 and 2a of 35 nm) may be expected to be the
optimal parameters for the design of nanowire-grid
polarizers at near- and mid-infrared wavelengths.

We are grateful to Fanghong Xue for helpful dis-
cussions. This work was supported by the Major Re-
search Plan of the National Natural Science
Foundation of China: Basic Research on Nano-
Science and Technology (grant 90406008).
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