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Confocal white light reflection imaging for characterization of metal nanostructures
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A simple far-field confocal white light reflection imaging system was proposed using a xenon (Xe) lamp
as the incident light source. The best spatial resolution was determined to be about 410 nm. Localized
surface plasmons (LSPs) of isolated single and dimer gold nanospheres were studied and the resonance
energy difference between their LSPs was extracted. Polarization dependent reflection imaging and con-

trast spectrum of single silver nanowires were also investigated, which correlate closely with the polar-
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ization dependent excitation of their LSP.
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1. Introduction

There is growing interest in the study of the optical properties
of metal nanostructures as the resonant excitation of coherent
electron oscillations (commonly known as localized surface plas-
mons, or LSPs) differ greatly from that of the bulk material and
show wide applications [1-5]. Their size, shape and arrangement
greatly affect the corresponding resonance energy of LSPs [6-7].

The ability to image metal nanostructures with a high spatial
resolution as well as spectral resolution is very important for a host
of studies both fundamental and practical. Specially, optical imag-
ing and spectroscopic studies of individual metal nanoparticles and
nanowires have attracted much attention recently [8-9]. Among
them, scanning near-field optical microscopy (SNOM) has been
widely adopted to study optical properties of metal nanostruc-
tures. It provides simultaneous topographical and optical informa-
tion of the samples with high resolution. However, collecting an
image by SNOM is very time-consuming and relies heavily on the
equipment as well as the skill of the operator. It is also ill-suited
for spectroscopic measurements due to the weak signals. Compar-
atively, far-field techniques are simpler and generate much stron-
ger signals, which have been successfully used to study LSPs of
gold nanoparticle arrays [10-11]. Moreover, far field white light
scanning is a simple and low cost method, which also offers
multiple-wavelength advantage and is suitable to study spectral
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properties. White light confocal scanning microscopy has also been
used to characterize material morphology, refractive index profile
of fibers, etc. [12,13], where aperture or fiber were used as confocal
pinhole. To the best of our knowledge, there is no such report for
individual metal nanostructures in literature by using confocal
white light microscopy. The best spatial resolution for normal con-
focal white light (not including that from a super continuum light
source [14]) scanning optical microscope has been improved from
1.5 um to about 800 nm [13]. However, improvement of the spatial
resolution is still much desired for the study of small-scale
materials.

In this contribution, by decreasing the diameters of the incident
light (aperture) and the collection fibers, the spatial resolution of
the confocal reflection imaging was improved to be about
410 nm when Xe lamp was used as the light source. Individual sin-
gle, dimer gold nanospheres and silver nanowires were scanned by
the confocal system. Differences between the excitation of the LSPs
of single and dimer spheres were revealed. Polarization dependent
images of silver nanowires were discussed as well.

2. Experimental

Fig. 1 gives the schematic diagram of the experimental setup. A
tunable aperture with a minimum diameter of 200 pm was intro-
duced in the incident light path to enhance the spatial resolution.
Light from a Xe lamp was polarized after passing through a
polarizer. The incident light was focused onto the sample through
a holographic beam splitter and an OLYMPUS microscope objective
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Fig. 1. Schematic diagram of the confocal white light reflection imaging system.

lens (100X, NA = 0.95). Samples were placed on a translation stage
which provides coarse movement along the x and y axis, while the
fine movement is offered by a piezostage with 100 pum travel dis-
tance along the x and y directions and 20 pm along the z direction.
The piezostage also works as the mapping stage. The reflected light
from the sample was collected by the same lens and directed to a
spectrometer through a fiber. Fibers with various core diameters of
100, 50 and 25 pm were employed in this work. The collection fi-
ber also works as a pinhole, which is confocal with the illuminating
spot on the sample. The reflected light was directed to a
150 grooves/mm grating and detected by a TE-cooled charge-cou-
pled device (CCD). Typical integration time for imaging was
100 ms/pixel. The stage movement and data acquisition were con-
trolled using ScanCtrl Spectroscopy Plus software from WITec
GmbH, Germany [15]. In a typical experiment, the sample is raster
scanned point by point and a spectrum is collected for each point.
Scanning electron microscope images were taken with field emis-
sion SEM (JEOL JSM-6700F).

Commercial gold nanospheres with a diameter of 50 nm depos-
ited on 200 nm silicon dioxide films were used as samples for
experiments. Silver nanowire samples with a diameter about
100 nm were fabricated by a simple hydrothermal method [16]
and deposited onto silicon for use as well.

3. Results and discussion

The spatial resolution of the confocal reflection imaging system
was determined by a scanning knife edge method [17] using a two-
layer graphene sheet as the edge [18]. Table 1 lists the spatial reso-
lution by using different diameter (D2) apertures and core diameter
(D1) collection fibers. As shown, the spatial resolution becomes bet-
ter with decreasing D1 and D2. The best resolution is revealed to be
about 410 nm, obtained using the 25 um core diameter collection
fiber and setting the aperture diameter to 200 pum. This spatial res-
olution doubles the previously reported best spatial resolution
(~800 nm) for white light scanning [13] and is even better than
those of some laser scanning techniques [19,20]. This indicates that
the aperture size, and especially the diameter of collection pinhole
(the diameter of the collection fiber in our case), plays a very impor-
tant role in improving the resolution. All the white light reflection
images shown in this paper were obtained under this condition un-
less stated otherwise.

Table 1
Spatial resolution of the imaging system determined by knife-edge scanning method
[17]

D, D>
100 pm 50 pm 25 pm

1000 pm 0.805 +0.014 pm 0.652 +0.024 pm 0.434 +0.090 um

200 um 0.750 £ 0.016 pm 0.564 +0.016 pm 0.414 +0.080 um

Gold nanospheres with diameter about 50 nm were studied,
and their confocal white light reflection images were constructed
by extracting light intensity from the corresponding reflection
spectra for a selected wavelength range. The image at wavelength
of 510-550 nm was shown in Fig. 2b as one example. As can be
seen from the SEM image shown in Fig. 2a, it consists of three iso-
lated single spheres and one dimer where the two spheres are al-
most in contact with each other. The four dark spots in Fig. 2b
represent the images of the gold spheres, which correspond well
to the SEM image. The size of the dark spots is measured to be
370-450 nm, approximating to the spatial resolution of the imag-
ing system. Owing to the resolution limitation, it is reasonable that
the white light reflection images can not distinguish between sin-
gle and dimer spheres. If the collection fiber core diameter of
50 um or 100 pum was used while the other experimental condi-
tions were kept the same, the images from the spheres obviously
overlap and the resolution is much worse than that with 25 pm fi-
ber. As a comparison, the images employing the collection fiber
with core diameter 100 pum were given in Fig. 2d. This confirms
that we can achieve a higher spatial resolution by using a 25 um
core diameter collection fiber, in agreement with the edge fitting
result in Table 1. It also demonstrates that to characterize metal
nanostructures better with the system, the collection fiber with
25 pm core diameter is more favourable.

Once the positions of spheres are located, the contrast spectrum
between the white light reflection intensity of the gold spheres and
the substrate can be easily extracted, which is defined as

Contrast = (Isample — Isubstrate ) /Isubstrate ( 1 )

where Igmpie and Lypsirace Tefer to the white light reflection intensity
of the sample and the substrate, respectively. Applying Eq. (1) to the
single spheres, the obtained contrast spectra were plotted in Fig. 2c,
which exhibits two dips (labeled 1 and 2, respectively). For compar-
ison, the contrast spectra for polarization of the incident light both
parallel and perpendicular to the dimer axis were plotted in Fig. 2¢c
as well. It is noticed that the position of dip 2 of isolated single
spheres (at about 525 nm) coincides with that of the LSP of gold
spheres with diameter 50 nm [21]. However, the same dip shows
red shifts to 548 nm and 542 nm for the incident polarization par-
allel and perpendicular to the dimer axis, respectively. This is a re-
sult of the coupling effect between the two spheres of the dimer, in
agreement with literature [22]. The larger red shift for the parallel
polarization than that of the perpendicular case is understandable
considering the stronger coupling of the dimer for parallel polariza-
tion. Fig. 2c also reveals that the position of the weak dip 1 for the
single sphere almost overlaps with that of the dimer located at
about 470 nm. This dip we believe to be originated from the mul-
ti-polar surface plasmon excitation of the gold spheres. Firstly, sur-
face plasmon excitation at about 470 nm has been observed for gold
nanospheres with diameters close to 40 nm, although it was as-
cribed to false spectral lines that arose from using a 488 nm argon
laser [23]. Secondly, similar multi-polar surface plasmon excitation
has been reported for other isolated metal nanoparticles [24]. More-
over, the excitation of LSPs leads to the enhancement of the absorp-
tion of the spheres, which consequently has the effect of reducing
the reflection intensity [2], making the spheres dark in the corre-
sponding images in Fig. 2b.
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Fig. 2. SEM image (a) and confocal white light reflection images at wavelength 510-550 nm of gold nanospheres on 200 nm silicon dioxide films with collection fiber core

diameter 25 pum (b) and 100 pum (d). (c), the contrast spectra for single (black lines) and dimer nanospheres for incident light parallel (solid lines) and perpendicular (dotted
lines) to the dimer axis.

As another example, Fig. 3a and b shows the confocal white light
reflection images of silver nanowires. Consider their wire-like
shape; the polarization dependence of the white light imaging of
Ag nanowires was investigated. The double-direction arrows in

Fig. 3a and b indicates the polarization directions of the incident
light. Under a reflection imaging system, silver nanowire is ex-
pected to be brighter than the substrate if only considering its lar-
ger reflectivity than that of the silicon substrate. However, Fig. 3a
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Fig. 3. The confocal white light reflection images (a,b) at wavelength 600-640 nm of silver nanowires on silicon substrate and their contrast spectra (c). The double-direction
arrows in the figures indicate the polarization directions of the incident light while the letter A and B in (a) labels the position where the contrast spectrum is taken from.
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shows that, different parts of the same bent nanowire exhibit dif-
ferent contrast compared to the substrate. The image contrast be-
tween the nanowire and the substrate also shows obvious
polarization dependence. By rotating 90° of the incident polariza-
tion, their contrast reverses from comparison between Fig. 3a
and b. This indicates that other mechanism also has contribution
to the observed image contrast besides the different reflectivity
information of the nanowire and the substrate. It is known that
the excitation of LSPs of silver nanowires is anisotropic [25], which
is sensitive to the polarization direction of the incident light. This
can lead to the polarization dependence of the reflection images
of Fig. 3, which also contribute to the different contrast for differ-
ent parts of the same bent nanowire. Fig. 3c gives the contrast
spectra of point A and point B as labeled in Fig. 3a compared to
the substrate. When the nanowire axis is parallel to the incident
light polarization (point B), a broad peak at 500-700 nm is ob-
served, while when the nanowire axis is almost perpendicular to
the incident light polarization (point A), two dips at about
420 nm and 500-700 nm, respectively, are detected. It is noticed
that the positions for the broad peak and the broad dip at 500-
700 nm coincide. As reported [26,27], for silver nanowires, the sur-
face plasmon mode at around 500-700 nm experiences preferred
excitation when the polarization of the incident light is parallel
to the nanowire while the surface plasmon mode at 420 nm is
dominant when the polarization of the incident light is perpendic-
ular to the nanowire axis. Thus, the contrast spectra shown in
Fig. 3c reveal the polarized behaviors of both surface plasmon
modes. The images shown in Fig. 3a and b were extracted from
the reflections in the range of 600-640 nm, which overlap with
one of the surface plasmon modes (500-700 nm), their polariza-
tion dependence could be understood accordingly.

Finally, we would like to point out that the employed confocal
imaging system is not limited to characterize individual metal
nanostructures. It has also been successfully extended to the deter-
mination of the number of graphene layers and the extraction of
their corresponding refractive index [18]. It can also be used to im-
age other samples and structures, such as metal nanoarrays and
biological specimen.

4. Conclusion

In conclusion, we have demonstrated that the spatial resolution
of confocal white light reflection imaging could be significantly en-
hanced to be around 410 nm by combining a small aperture and a
small collection fiber core diameter. Individual single, dimer gold
nanospheres and silver nanowires were characterized by the

imaging system. Apart from dipolar LSP, excitation of multi-polar
LSP of gold nanospheres was also revealed. Compared to the reso-
nance energy of single gold nanosphere, the resonance energy of
the dimer is red-shifted due to the coupling between the two
spheres in the dimer. The anisotropic excitation of LSP of a single
silver nanowire was also observed, which contributes to the polar-
ization dependent images besides their essential reflectivity differ-
ence from that of the substrate. As the white light imaging can be
performed at different wavelengths, we expect interesting applica-
tions such as biomaterial mapping and plasmonic studies.
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