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Optical properties of snbmicrometer-size silver needles
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%e present results of absorbance measurements in the range of 300—900 nm on submicrometer-
size solid silver needles with aspect ratios near 7:1. The needles have parallel major axes and are
formed on a transparent substrate. The needles are modeled as prolate spheroids with shapes deter-
mined from electron micrographs. Absorbance spectra-as a function of wavelength, polarization,
and angle are compared to theoretical absorbance curves derived from electrodynamic theory.

INTRODUCTION

In this paper we present the results of absorbance mea-
surements on large-area arrays of silver prolate spheroids
produced by a novel technique. The needles have parallel
major axes which aid in the analysis of the absorbance
spectra. The absorbance is measured as a function of
wavelength, polarization, and angle. Two distinct peaks
in the absorbance spectra are attributed to surface-
plasmon excitation. Theoretical particle shapes, which
determine peak positions in the absorbance spectra, agree
favorably with shapes found from electron micrographs.

Large arrays of post structures have been investigated
for a wide variety of uses —from high-density storage
media for electron beam memory to low-voltage field-
emission sources. ' Submicrometer-size silver structures
are of considerable interest in the field of surface-
enhanced Raman scattering (SERS). Progress in SERS
has been hindered by substrates that are difficult to
characterize optically and/or laborious to fabricate. In
some types of SERS studies silver particles are formed on
the sides of etched SiOz posts. ' Silver particles on the
sides of dielectric posts have been modeled as ellipsoids
(three distinct axes) and prolate spheroids (two distinct
axes). A recent technique for producing leaning posts has
been developed by Buncick et al. Silver microstructures
formed on the sides of leaning posts are easier to charac-
terize since the major axes of the particles have a defined
orientation. The absorbance measurements by Buncick
et a/. indicate that silver particles on posts are best
modeled as ellipsoids.

Studies concerning the growth of silver needles may
provide insight to 6lament formation in the breakdown of
dielectrics. Filaments have been observed in metal-
insulator-metal (MIM} structures. Under high-field con-
ditions metal filaments or trees will grow into the insula-
tor. The 61ament eventually reaches the opposite elec-
trode and provides a conducting link resulting in total
breakdown. Dielectric breakdown by filament growth
occurs in integrated circuits as well as high-power
transmission cables. '

A simple technique for fabricating silver needles is de-
scribed below in which silver needles can be formed over
large areas (& 1 cm ) with 50—60 needles per square mi-
crometer. Comparisons of optical-absorbance measure-

ments and theory con6rrn the needles are reasonably well
modeled as prolate spheroids.

THEORY

Recently, papers have been published on the calcula-
tion of optical scattering and absorption cross sections
for silver oblate spheroids" and ellipsoids. We will fol-
low a similar treatment for prolate spheroids by employ-
ing the formalism of Ritchie et al. ' The use of nonre-
tarded electrodynamics makes the calculation tractable.

The three prolate coordinates are q, 8, and P.' A con-
stant value of ri specifies the surface of a pi'olate spheroid.
The angle p is the azimuthal angle about the major axis
of the spheroid. The coordinate 8 specifies a hyperboloid
where 8 is the angle between the asymptote of a hyper-
boloid and the. major axis of the prolate spheroid. The
family of prolate spheroids is generated by
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where a is the focal length of the prolate spheroid. The
coordinate g is related to the ratio 8 of the minor-axis
length to the major-axis length by

(~2 1 )1/2
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The extreme shapes of a prolate spheroid are a sphere
and a needle.

Reference 13 gives the solutions to Laplace's equation
in prolate spheroidal coordinates. To the potential out-
side the prolate spheroid we add a term corresponding to
a time-varying, but uniform, electric field (dipole approxi-
mation}. Applying the boundary conditions at the sur-
face, we eventually find the Fourier components of the in-
duced dipole moments to be
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where p& (rI) and Qi~(rI) are the associated Legendre
functions, E(cia)'ls the colilplex dielectric respolise of the
particle, and 8; are the amplitudes of the applied Seld.
The major axis of the prolate spheroid is oriented along
the z axis. The dipole moments are related to the polari-
zability o.; by

p;=a;E; .

0, ),= Im(a„),4&CO

Io ——I, +I,+I, , (10)

where I„I„andI, are the transmitted, absorbed, and
scattered intensities, respectively. From Eq. (10) we find

a,
~

= Im(u cos 8+a, sin 8),4&N

C

where 8 is the angle between the line of incidence and the
major axis of the prolate spheroid.

If Io is the intensity incident on the spheroid, then

With the expressions for the induced moments, we can
calculate the scattered 5eld

I, =1-
Io Io Io

1 ¹rr ~

2 ikr

[(nXp)Xn],
C T

where n is a unit vector in the scattered direction. Using
the expressions for the scattered field, the total (scattering
and absorption) cross section for the two orthogonal po-
larizations s and p can be written as

where S is the number of spheroids per unit area. In the
experiment we measure the intensity that passes through
the sample which includes I, and any light that scatters
into the solid angle subtended by the detector. Therefore,
Eq. (11) approximates the experimental transmittance if
I, &~I, or if most of the scattered light is not scattered

'(1(1(p'i

100 nm

FIG. 1. Electron micrograph of a tin oxide surface. The angle of observation is 60' from the substrate normal.
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into the detector. In the experiment we used a speetro-
photometer to measure the absorbance

A = log, o( T)

where T is the transmittance. "
%e have not calculated the intensity of light collected

by the detector due to scattering. Neglecting a com-
ponent of the scattered light might lead to discrepancies
when comparing absolute values of the absorbance found
experimentally and theoretically.

SAMPI.K PREPARATION

The growth process for silver needles requires a surface
with submicrometer roughness. The substrate is mount-
ed in the evaporation system at near grazing incidence
with respect to the crucible or boat. During the evapora-
tion, the silver begins to fill in the unshadowed areas.
Once a needle sprouts, it continues to grow and main-
tains an approximately constant diameter. Thus, very
large aspect ratios can be attained by this process of mi-
crofabrication. Short-range forces, as well as shadowing,
may also be a contributing factor in the needle formation
since the silver atoms pass nearly parallel to the surface.

Quartz microscope slides, ' l 2 X 25 mm, provided
sturdy, transparent substrates. They were carefully
cleaned before a roughness layer was deposited on the
surface. Silver needles were grown successfully on two
diFerent types of roughness. Substrates were made con-
ducting to test the eFect of applied electric fields on nee-
dle formation.

It is mell known that CaF2 has a rough surface with an
amplitude that depends on film thickness, at least up to
some limiting thickness. A 200-nm film of Cap& provided
suitable roughness. Next, an 80-nm silver film was depos-
ited at normal incidence to form a good conducting layer.
The final silver evaporation at grazing incidence took
place at a rate of 2 nm/sec with the height of the needles
being nearly equal to the total evaporation thickness.
The film depth was measured by a quartz crystal thick-
ness monitor. All evaporations took place in a cryo-
pumped, electron beam evaporator at a pressure of
1 &( 10 torr.

A tin oxide substrate proved to be a better choice of
roughness for optical-absorbance experiments. Tin oxide
is a conductor and is transparent in the visible. If it is de-
posited in the following manner, a hilly topography will
result.

F
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FIG. 2. Electron micrograph of solid silver posts. Observation angle is along the substrate normal (the major axes of the posts lie
60 from the substrate normal).
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The quartz substrate is baked in an oven to 600 C.
Once the quartz is uniformly heated, the oven door is
opened and a solution of SnC14 (in ethanol) is forced
through a nozzle and sprayed onto the substrate for -3
sec. The door is then closed and the oven turned oK
The sample is allowed to cool and the process is repeated
once more. Figure 1 is a scanning electron micrograph of
the tin oxide surface. Micrographs of the silver-coated
CaF2 reveal similar topography.

Figure 2 is a micrograph of solid silver needles formed
on a tin oxide layer. An average silver thickness of 210
nm resulted in posts approximately 200 nm tall and 30
nm across. These conditions were used to produce the
needles shown in Fig. 2 and the absorbance data. The
distance from crucible to substrate was 30 cm to ensure
the major axes of the needles are parallel. The needle size
and density are constant over the entire sample.

Micrographs at various angles seem to indicate that
the needles are tilted -60' from the substrate normal.
Mounted in the evaporator, the needles lean toward the
crucible. In an effort to reduce this angle, the sample was
mounted in a capacitor arrangement itiside the bell jar.
%hen a bias voltage is applied to the sample, the electric
field strengths are enhanced at the tips of the needles and
substrate roughness. Thus, polarization forces in the
direction of the applied 6eld would tend to redirect the
incident silver atoms more normal to the substrate.
However, no pronounced effect on the orientation or
shape of the needles resulted even for average field
strengths of up to 15 000 V/cm.

RESULTS AND DISCUSSIOIN
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FIG. 3, Absorbance of the reference (quartz substrate with a
tin oxide layer) at normal incidence and at 60' with respect to
the substrate normal. Curve A is the absorbance of s-polarized
light and curve C is for p-polarized hght. Curve I) was duplicat-
ed for both s and p polarizations.

axis of the needles. At 90' only the long-wavelength
(I = l„m=0) mode is stimulated.

For modeling the needles theoretically, a 7:1 major to
minor axis ratio was chosen to be consistent with SEM
micrographs. The electron micrograph illustrates that
not all the needles have exactly the same aspect ratios.

Absorbance measurements were obtained with a
Shimadzu spectrophotometer. '7 The emitted light was
polarized by Gian prisms suitable for the 300-900-nm
wavelength. Employed as a reference was a quartz sub-
strate with a tin oxide layer deposited in the same batch
as the sample with needles. To account for the effect of
the substrate which supports the needles, the value of the
intensity of light that passes through the reference is con-
sidered to be Iu, the intensity incident on the sample.
Figure 3 displays the absorbance of the reference at vari-
ous angles and polarizations.

Figure 4 is the experimental absorbance of the silver
needles using s-polarized light. For s-polarized light the
electric field vector is perpendicular to the plane defined
by the line of incidence and substrate normal. The in-
cident angles noted in the figure are with respect to the
major axis of the post and not the substrate normal (see
the inset). In Fig. 4 there is only one absorbance peak for
all angles since the electric Seld vector is always oriented
along the minor axis of the needle. The needle orienta-
tioil was observed ill a SEM to con51m tile polar lzatloll
alignment illustrated in the Sgure inset.

The experimental absorbance for p-polarized light is
plotted in Fig. 5. For 0', the electric Geld vector is
aligned along the minor axis so that only the
(I = i, m =1) mode is excited. As the angle with respect
to the major axis of the post increases, an increasing com-
ponent of the incident electric 6eld lies along the major
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FIG. 4. Experimental absorbance of s-polarized light ob-
tained from sample with needles. Incident angles are shown
with respect to the major axis of the needle.
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FIG. 5. Experimental absorbance of p-polarized light. In-
cident angles are shovrn vrith respect to the major axis of the
needle.

Therefore, a Gaussian distribution of aspect ratios cen-
tered at 7:1 was included in the theoretical absorbance
calculation. '

Figure 6 is the theoretical absorbance of p-polarized
light for silver prolate spheroids with a 7:1 major to
minor axis ratio. Again, all angles are with respect to the

major axis of the spheroid. The peak height of the
theoretical absorbance spectrum at 90 has been normal-
ized to the corresponding experimental peak height.
From the normalization we extract a value of N (the
number of spheroids per unit area) through Eq. (11). We
And from the micrographs that %=55 pm and from
Eq. (11) that N =10 pm . Agreement between theory
and experiment should be better if we had used a difFerent
distribution of particle shapes other than a simple Gauss-
ian and had normalized to the area under the experimen-
tal spectra. This would tend to raise the height of the
short-wavelength peak relative to the long-wavelength
peak, since the resonant energy of the short-wavelength
peak is only weakly dependent on a particle axis ratio.

Figure 7 depicts the theoretical absorbance of s-
polarized light for all angles (solid line) and the experi-
mental s-polarized absorbance at a 60' angle of incidence
(dashed line). By normalizing the experimental and
theoretical peak heights for the s-polarized spectra, we
find a theoretical value of %=47 pm ~ which is much
closer to the value found from the micrographs.

The theory predicts the absorbance spectra of s-
polarized light are independent of incident angle, while
the experiment shows an angular dependence in peak
height. We believe the disagreement between the theory
and experiment in the angular dependence is due to the
reAectivity of the sample increasing at a faster rate than
the reAectivity of the reference. We measured the inten-
sity of the light transmitted through the sample and
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FIG. 6. Theoretical absorbance of p-polarized light for silver
prolate spheroids with axis ratio of 7:1 and major axis length of
200 nm. A Gaussian shape distribution has been included.

FIG. 7. Solid curve: Theoretical absorbance of s-polarized
light at any incident angle. The silver prolate spheroids are
modeled as having a major to minor axis ratio of 7:1 and a ma-

jor axis length of 200 nm. A Gaussian distribution of shapes has
been included. Dashed curve: Experimental absorbance of s-

polarized light incident at 60 with respect to the major axis of
the spheroid.
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through a reference. This negates changes in the
re6ectivity of the substrate with angle but noi variations
in the reAectivity of the silver particles with angle. In ad-
dition, the theory neglects the substrate on- which the
particles reside. Therefore, the reAectivity at the
silver-tin-oxide interface may also contribute to varia-
tions in peak heights.

To test this assumption, we evaporated a 5-nm mass
thickness of silver onto a quartz slide at normal in-
cidence. A brief anneal causes the silver to form oblate
spheroidal particles. " Silver oblate spheroids have a sur-
face plasmon resonance near 450 nm for s-polarized light.
Measurements in our spectrophotometer show the absor-
bance increases with angle, while the theory outlined
above, when applied to oblate spheroids, predicts no an-
gular dependence in absorption or scattering cross sec-
tions for s-polarized light. Using s-polarized light from
an argon-ion laser (457.9 nm) we measured the intensity
transmitted through and reflected from the sample with
silver oblate spheroids. The intensity of the transmitted
beam and the reflected beam summed to a constant value
for all angles of incidence. This indicates the absorption
of s-polarized light is independent of incident angle as
predicted by theory.

Other discrepancies between the theoretical and exper-
imental curves wiB now be addressed. The first is the
presence of a shoulder near 450 nm in the experimental
p-polarized absorbance. This could be attributed to the
very short needles which can be observed in the electron
micrograph. The other possibility is the contribution of
excitations of higher-order modes in the spheroid. A
more exact theory than we have presented would include
effects of retardation and higher-order modes which
could be significant for particles of the size here.

Also, the experimental short-wavelength peaks for the
orthogonal polarizations occur at slightly diferent wave-
lengths. According to theory they should be at exactly
the same position. If the geometrical cross section of the
needle is not perfectly circular, we could account for this
shift. It is difficult to ascertain this directly from electron
micrographs taken at various angles. The effect of the
substrate could also result in a shift for the two polariza-
tions. ' The mode with its dipole oriented parallel to the
substrate should be red shifted a measurable amount.

The substrate should have little efkct on the dipole
oriented perpendicular to the substrate. Thus the s-
polarized absorbance peak would be slightly red shifted
from the corresponding short-wavelength peak in the p-
polarized data. This is consistent with the spectra shown
in Figs. 4 and 5. Other factors not considered in the
theory, such as interparticle interactions, would also be
expected to shift the absorbance peaks.

CQNCI. USION

Optical-absorbance spectra from arrays of solid silver
needles reveal two absorbance peaks. According to the
theory outlined above, the absorbance peaks indicate the
excitation of the (I =l, m =0) and (I =l, m =1) surface
plasmon modes. These surface plasmon modes corre-
spond to induced dipoles along the major and minor axes
of the needles, respectively. Reasonable agreement be-
tween theoretical and experimental resonant energies re-
sult if the needles are modeled as prolate spheroids with
an average 7:1 major to minor axis ratio, Electron micro-
graphs of the needles confirm the validity of this aspect
ratio. The results of this paper also indicate that the bulk
properties of silver can be correctly applied to submi-
crometer particles.

The method of needle fabrication is simple and reliable.
The technique requires no etching or special equipment
other than an evaporation system. Also, submicrometer
needles with parallel major axes can be formed over large
areas.
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