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We measured the reflectivity of nanoparticle thin films with bimodal size distributions clearly
separated by depth and found distinctive spectral differences depending on the direction of
illumination. In contrast with previous experiments that implied such differences, the samples in this
experiment are prepared by ion implantation at sufficiently high energy to achieve the necessary
spatial separation between larger and smaller nanoparticles. We demonstrate that the difference
between scattering and absorption probabilities as a function of nanoparticle size is responsible for
the differences in maximum reflectivities as the direction of illumination is reversed. This conjecture
is supported by a Mie scattering calculation. © 2009 American Institute of Physics.
�DOI: 10.1063/1.3065531�

I. INTRODUCTION

It has been known for centuries that glasses loaded with
metal nanoparticles �NPs� may exhibit different colors, de-
pending on whether or not they are viewed in transmission or
reflection. The Lycurgus cup in the British Museum is per-
haps the most famous example of the phenomenon.1 Nistor
et al.2 observed a related phenomenon in the reflection spec-
tra from Ag nanocrystals formed in silicate glass cover slips
by ion implantation: the peak reflected wavelength varied
depending on whether the implanted �front� versus the non-
implanted �back� face of the sample was illuminated. These
authors noted the hint of several peaks in the reflected spec-
trum, possibly due to the difference in scattering versus ex-
tinction probabilities for large and small NPs. However, the
shift in peak wavelength of reflectivity between the front and
back side measurements was small ��10 nm� and the line-
widths were so large that it is difficult to tell whether or not
the difference results simply from the broad size distribution
of the NPs or from real differences in the scattering behavior.
Moreover, effects due to the complex structure and compo-
sition of the silicate glass may also have been in play, further
complicating the interpretation of the results.

A significant difference in the front-versus back-side re-
flectivity as a function of wavelength suggests unique device
applications controlled by directionally dependent differ-
ences in plasmonic responses. For instance, one can imagine
dichroic mirrors in which the reflectivity depends not only on
wavelength but also on the propagation direction. Another
possibility would be Fabry–Pérot resonators in which the
resonance wavelength would depend on the direction from
which the light enters the device. In the experiments reported
here, we take advantage of improved control of implantation
and material parameters to demonstrate the possibility of

controlling this bimodal reflectivity behavior and describe
the necessary conditions for systematically designing and
preparing such materials.

The model material system for our demonstration com-
prises Ag NPs prepared by ion implantation in fused silica,
where the silver is known to form nanocrystals even without
annealing.2–4 The size of the NPs is a function of dose, dose
rate, and substrate temperature for a given implantation
energy.5,6 Ag also is unique among the noble metals in that it
has strong interband transitions in the visible.7 This makes it
a useful demonstration material for the purpose of uncover-
ing the underlying optical physics.

II. EXPERIMENT AND RESULTS

Type III silica samples �Corning 7940� were implanted
sequentially with Ag ions at 305 keV. Ag was implanted with
fluences of 3.0, 4.5, and 6�1016 ions /cm2 at an average
current density of 5 �A /cm2; these samples are labeled as 3
Ag, 4.5 Ag, and 6 Ag in the narrative that follows. In all the
cases substrates were held at �0 °C during the implanta-
tions using a thermoelectric cooler. Figure 1 shows the depth
distribution of the Ag for a typical sample, measured by
Rutherford backscattering �RBS� using 2 MeV He+ ions.
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FIG. 1. �Color online� The depth distribution of Ag atoms in the 6 Ag
sample measured by RBS.
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The microstructure of NPs in these composite materials
was characterized by transmission electron microscopy
�TEM�. Samples were prepared by standard cross-section
thinning techniques and were analyzed in a JOEL 2010 TEM
equipped with a LaB6 filament. Figure 2 shows a typical
cross-sectional TEM micrograph for the 6 Ag sample. From
the TEM results the larger NPs occur in a band surrounded
by smaller particles located at both shallower and deeper
regions, as has been previously reported.8 As can be seen in
the figure, the largest number of small particles is on the side
of the larger band nearer the implanted surface, consistent
with the Ag depth profile shown in Fig. 1.

The high degree of overlapping in the images, due to the
overall specimen thickness, made the generation of size-
distribution histograms and number density counts quite dif-
ficult. Such distributions were also found to be somewhat
misleading visually since although the band of large particles
accounts for only a small fraction of the total number of NPs,
it still represents a major fraction of the net volume of nano-
particulate Ag. The cluster number density �i.e., number of
clusters per unit volume� is also difficult to obtain by TEM
due to specimen-to-specimen variations in thickness; how-
ever, the 4.5 Ag and 6 Ag samples consistently exhibited a
relatively larger number of smaller NPs nearer the implanted
surface. Qualitatively one observes that the larger NPs in the
6 Ag sample are roughly 20 nm in diameter, while the
smaller NPs are closer to 5 nm in diameter; for the 3 Ag and
4.5 Ag samples, we can expect modest reductions in the
diameters of both larger and smaller NPs.

Optical measurements were made at room temperature
in air from 900 to 200 nm at wavelength intervals of 1 nm
using a Cary 5 dual-beam spectrometer with an unimplanted
sample in the reference beam and a spot size of 0.15 cm2.
All absorption measurements represent the difference be-

tween implanted and unimplanted samples and are reported
in units of optical density. The absorption was measured at
three different positions on the sample; the scatter in the
absorption from varying the measurement position was less
than �3%, while the point-to-point relative variation �i.e.,
noise� in the data was less than �2%.

The relative reflectance measurements were made using
a Harrick Model ERA-12G reflectance attachment in the
dual-beam spectrophotometer. Employing single-beam mode
with a silvered mirror for normalization, the reflectance spec-
tra were measured from 800 to 300 nm in 1 nm increments.
The sampling area for the reflectance measurements was
0.07 cm2. Each sample was measured at three different po-
sitions. There is less than 5% variance in the spectra due to
position, while the rms noise in the spectral data was less
than �2%.

Figure 3 shows the reflectances and optical densities
measured on the implanted �IF� and nonimplanted �NIF�

FIG. 2. Cross-sectional TEM image of the 6 Ag sample.

FIG. 3. �Color online� Optical IF and NIF reflectance and absorption �opti-
cal density� spectra of �a� 3 Ag, �b� 4:5 Ag, and �c� 6 Ag samples.
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faces for all three samples. A peak at 370 nm is observed in
the IF reflection spectrum, while in the NIF reflectance spec-
trum the peak reflectance is redshifted to 384 nm. The optical
density has a surface plasmon resonance �SPR� peak at 402
nm, dominated by the larger particles.

Figure 3�b� shows the IF and NIF reflectances and the
optical density for the 4.5 Ag sample. In the IF reflectance
spectra the 4.5 Ag sample has peaks at 370 and 439 nm; the
NIF reflectance spectrum has a peak at 404 nm, while the
optical density exhibits a peak at 410 nm.

The IF and NIF reflectances and optical density for the 6
Ag sample are shown in Fig. 3�c�. The IF spectrum shows
peaks at 365 and 449 nm, with a shoulder at �502 nm,
while the NIF spectrum has a single peak at 391 nm and a
second incipient peak at �503 nm. This last feature could
be a higher-order multipole reflectance peak or, more likely,
given the size of the larger NPs, a dipole-dipole interaction
manifest in reflection. The absorption spectrum for the 6 Ag
sample has a peak at �412 nm �Ref. 9� and shoulder at
�524 nm with increasing absorption for wavelengths less
than �310 nm, similar to all the other samples. The spectral
features of all three samples are summarized in Table I.

III. DISCUSSION

The Ag samples exhibit absorption feature characteris-
tics of the formation of Ag NPs and the optical response
associated with the localized SPR �LSPR�.10–12 For modest
NP concentrations, the absorption spectra can be described
using effective medium theory for spherical nanometer di-
mension metal particles embedded in a dielectric.13 The ab-
sorption coefficient � for noninteracting NPs with diameters
less than �25 nm in the electric-dipole approximation14 is
given by

� =
18�nd

3

�

p�2

��1 + 2nd
2�2 + �2

2 , �1�

where ����=�1+ i�2 is the complex dielectric constant of the
metal, p is the volume fraction occupied by the metal NPs,
and nd is the index of refraction of the dielectric host. The
frequency-dependent dielectric function �1 is negative for
metals in the Drude model throughout the frequency range
�	�p, where �p is the plasma frequency. The absorption
exhibits a peak at �LSPR, the frequency at which the condi-
tion �1+2nd

2=0 is met. In our samples the LSPR peak occurs

at �402, 410, and 412 nm for the 3 Ag, 4.5 Ag, and 6 Ag
samples, respectively.

For metal nanocrystals there are additional effects that
can cause shifting of the SPR peak position. From effective
medium theory, the LSPR frequency can be shifted by
changing the index of refraction of the host nd or by chang-
ing the dielectric function of the metal.13 For Ag particles
greater than 5–10 nm in diameter, the dielectric functions of
the metal are expected to approach that of the bulk metal.15,16

In this regime the extinction is dominated by the dipole ab-
sorption term for particles less than �25 nm in diameter
with scattering becoming increasingly important as the diam-
eter increases as will be discussed below.16 Particle-size dis-
tribution can also impact the peak position as well as the
magnitude and the full width at half maximum of the SPR,17

with a broader size distribution leading to greater absorption
for all wavelengths. Larger NPs have larger absorption and
scattering cross sections than the smaller NPs. Thus larger
particles dominate the optical properties of the composite
provided that the frequency of distributions of large and
small particles is comparable. For particles larger than

25 nm in diameter �not the case here�, higher-order mul-
tipole terms may be necessary to describe the extinction be-
havior and produce additional LSPR peaks.16 If the particles
are sufficiently close, NP-NP interactions can also result in
an additional peak in the absorption spectra.18

Based on the size of Ag NPs observed in the TEM mi-
crographs �Fig. 2�, we expect the position of the surface plas-
mon resonance to redshift as the Ag nanocrystal size
increases,17,19 provided there are no significant NP-NP inter-
actions. The redshift of the LSPR in our samples is then
attributed to the increasing size of the nanoparticles as the
dose increases from 3�1016 to 6.0�1016 ions /cm2. The 3
Ag, 4.5 Ag, and 6 Ag samples have the characteristic surface
plasmon resonance absorption for Ag NPs at �402, 410, and
412 nm, respectively �Figs. 3�a�–3�c��.9,14,20 Since the size of
the NPs observed in these samples is not large enough for
higher-order multipoles to contribute significantly,13,15,21 we
attribute the shoulder at �524 nm to a dipole-dipole inter-
action between the large Ag nanocrystals within the layer of
larger particles.18,21

In the IF reflectance spectra, a single peak is observed in
the 3 Ag sample at 370 nm. For the 4.5 Ag and 6 Ag samples,
IF reflectance spectra of two peaks, 370 and 439 nm in the
4.5 Ag sample and at 365 and 449 nm in the 6 Ag sample,
are observed. Nistor et al.2 reported a redshift and broaden-
ing of the reflectance peaks as the NPs grow in size. Here we
observe a similar redshift with increasing dose and increas-
ing particle size for the second longer-wavelength peak,
which more closely mimics the wavelength of the peaks ob-
served. They did not observe the lower wavelength peaks,
though they did note the possibility of such a second peak.
We discuss below possible reasons why this second peak was
not observed.

For the NIF reflectance spectra, only one peak in each
sample is observed at 384, 404, and 398 nm, respectively, for
the 3 Ag, 4.5 Ag and 6 Ag samples. These peaks are clearly

TABLE I. Peaks in reflectance and absorption measurements.

Sample
Reflectance peaks

�nm�
OD peaks

�nm�

3 Ag IF 370 402
3 Ag NIF 384 402
4.5 Ag IF 370, 439 410
4.5 Ag NIF 404 410
6 Ag IF 365, 449a 412
6 Ag NIF 398b 412

aShoulder at 502 nm.
bShoulder at 503 nm.
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redshifted from the shortest wavelength peak seen in the IF
reflectance spectra. This redshift has also been reported by
Nistor et al.2

From the TEM results �Fig. 2� the majority of the small
�diameter d less than 10 nm� Ag nanoparticles are located
nearer the surface of the implanted side, whereas larger
�
10 nm� nanoparticles are farther from the surface in the
4.5 Ag and 6 Ag samples. Relatively few small NPs
�	10 nm� are seen to be located deeper than the larger par-
ticles. As the particles grow the scattering coefficient in-
creases while the absorption coefficient decreases.22 For NPs
with radii of less than 10 nm, the ratio of absorption effi-
ciency to scattering efficiency at 400 nm is 
2; as the wave-
length increases to 450 nm the ratio of absorption efficiency
to scattering efficiency drops to less than 1.5. With increas-
ing particle size, the scattering coefficient becomes a factor
of 4 larger than the absorption efficiency at 400 nm and a
factor of 5 larger at 450 nm.18

If the incident beam hits the IF surface first for wave-
lengths less than 350 nm, the smaller particles first scatter
and absorb the light before it strikes the larger NPs. As the
wavelength of illumination increases the scattering also in-
creases. As the LSPR is approached the absorption becomes
larger, driving down the reflected light and the first peak is
formed. This is observed in the IF spectra as the dip between
the peaks is at the approximate maximum of the absorption
�Figs. 3�a�–3�c��. As the scanning wavelength continues to
increase, the small particles do not absorb or scatter very
well and the longer wavelength light gets to the large par-
ticles deeper in the sample with a higher intensity than at the
shorter wavelengths. The absorption and scattering are sig-
nificantly larger for these particles. The larger NPs are more
efficient scatters and a second peak appears, corresponding
to the region where their scattering is more efficient than the
absorption. This explains why, after the absorption at SPR
wavelength of �402–412 nm, the absorption drops off rap-
idly for the longer wavelengths. As the wavelength continues
to increase, scattering efficiencies drop rapidly and the sec-
ond absorption peak is formed.

Now if we illuminate the NIF, the absorption and scat-
tering for the larger NPs dominate even at shorter wave-
lengths; thus the reflection spectra for the NIF are much
broader than both peaks in the IF spectra. The single peak in
the NIF spectrum has approximately the same width as the
two peaks in the IF spectrum, as would be expected if ab-
sorption and scattering are dominated by large NPs that are
seen by the scanning light first when illuminating from the
NIF.

As the larger NPs scatter and absorb more strongly for
all wavelengths than smaller NPs, when the reflectance is
measured from the NIF, the larger nanoparticles are domi-
nant and the light is scattered or absorbed before reaching the
smaller nanoparticles where a significant portion would be
absorbed instead of scattered.

If the NPs are similar in size, as in the 3 Ag sample, the
reflection is more balanced between IF and NIF illumination,
and there is insufficient asymmetry in particle size to pro-
duce the double peaks. In general, due to the approximately
Gaussian distribution of implanted ions, a band containing

larger NPs is formed due to the higher concentration of im-
planted ions.23 For the 3�1016 Ag implanted sample, where
there are indications of the second peak in the IF spectra, the
effect is less pronounced because the particles are not as
disparate in size. As a result we only observe a single peak in
IF or NIF spectra for this sample.

Shoulders are observed in the spectra of the 6 Ag sample
at �502 nm in the IF spectra and at �503 nm in the NIF
spectra. In absorption spectra, this shoulder has been attrib-
uted to dipole-dipole coupling.9,21 Here we suggest the same
type of effect in the reflection measurements and the reason
for the same wavelength in the IF and NIF spectra. Based on
the size of the NPs from TEM, the particle sizes are too
small to support a higher order multipole term.

IV. CONCLUSION

The example of the Ag: :SiO2 NP materials shows that
the shift in reflectance peak with direction of illumination
requires a bimodal size distribution of particles occupying
distinct depth distributions. Based on our experimental re-
sults, three conditions are necessary to observe the two peaks
in the IF spectra. The first is sufficient asymmetry in particle
sizes. The second is sufficient spatial separation of the Ag
nanoparticles to separate light from the larger and smaller
NPs in time. This would occur in low energy implanted
samples below 100 keV for Ag. Nistor et al.2 only observed
indications of two peaks and not distinct peaks because
based on their published TEM, the asymmetric nanoparticles
were not sufficiently spread out to fulfill this condition for
the formation of two distinct peaks. The third condition
arises because the source terms for the two reflection peaks
depend strongly on the interplay of the scattering and absorp-
tion efficiencies and their wavelength dependence. Based on
the calculated scattering and absorption coefficients, Au and
Cu may be possible candidates under appropriate size condi-
tions. In the case of Cu we estimate the size differences
would have to range from 5 to 80 nm to achieve a strong
effect. Cu NPs have an additional problem in that CuO can
form a thin shell on the surface of the NPs, greatly altering
the scattering efficiency of the metallic Cu NPs. For Au, on
the other hand, particle size would need to range from 5 to
40 nm or larger to achieve a noticeable effect. In the present
case, this was achieved by implanting at an energy sufficient
to lead to substantial straggling and the formation of a layer
of smaller NPs nearer the implanted surface of the material.

It has not escaped our notice that these same conditions
can be created by sputtering of a binary system comprising
layers of NPs of different sizes separated by appropriate di-
electric layers. Indeed, since Mie and effective-medium theo-
ries can be easily applied to such a layered structure, it
should be possible to design these materials more or less
from first principles. This is nicely illustrated by a Mie
theory calculation shown in Fig. 4, showing the reflectance
curve for a bilayer comprising of 20 and 6 nm Ag particles.
Note that the “notch” in the reflectance curve due to absorp-
tion by the smaller NPs is very similar with those seen in
Fig. 3. Taken together, the simulation and the experiments
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indicate that it should be possible to design such dichroic
structures and fabricate them, for example, by multiple-target
sputtering.
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