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Highly Dispersive Micropatterns in Ion-
Exchanged Glass Formed by Ion Irradiation
Through a Mask of Colloidal Particles**

By Christof Strohhéfer, Jacob P. Hoogenboom,
Alfons van Blaaderen, and Albert Polman*

The optical properties of metallic nanostructures carry con-
siderable interest both from a fundamental and an applica-
tions-oriented point of view. The negative values of the real
part of the dielectric constant of certain metals, for example,
allow the construction of metallodielectric photonic crystals
with high dielectric contrast."?! Enhanced transmission of
light through apertures with dimensions smaller than the
wavelength have led to an ongoing debate about its mecha-
nism.**! Nanometer-sized Ag/Ag,O nanoclusters on glass
have been shown to hold potential for optical data storage.[S]

The focus of this work is the optical constants of composite
materials formed by metal nanocrystals in an insulating back-
ground material. They are the cause of various interesting op-
tical properties of such materials both in the linear'® and non-
linear regime.m As regards the optical properties, mainly the
surface plasmon resonance absorption of such composites has
been studied.* ! Paired with this absorption is a considerable
variation of the real part of the index of refraction.''?! Silver
nanocrystals in oxide glass have their plasmon resonance ab-
sorption in the violet region around 420 nm. The correspond-
ing variation in the real part of the index of refraction of such
composites extends from the ultraviolet to the green.

The index of refraction of a glass containing silver ions can
thus be changed by nucleating silver nanocrystals. In contrast
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to many other ions, silver can be introduced into oxide glasses
containing network modifiers such as Na* or K* a posteriori
via ion exchange, which allows for the incorporation of silver
ion concentrations of several atomic percent. Silver nanocrys-
tals can be formed by ion irradiation of the ion-exchanged
glass.m’ls] This formation process, in contrast to annealing in
a controlled atmosphere, opens the possibility to nucleate sil-
ver nanocrystals in selected regions of a sample only, and
thereby changes the index of refraction. A regular pattern of
index variations can find application as a diffraction grating,
waveguide multiplexer, or photonic crystal. In this article we
have explored the formation of such regular refractive index
variations, making use of colloidal silica particles deposited
on the ion-exchanged glass as an implantation mask. Colloidal
particles self-organize on a flat substrate when the solvent
evaporates,[16] forming a hexagonal array. Only in the spaces
between the particles does formation of silver nanocrystals
occur when the sample is irradiated with an ion beam. The
outcome is a highly dispersive hexagonal pattern written
directly into the glass substrate.

The index of refraction of an unpatterned composite layer
was estimated by reflection and transmission measurement
according to the method described before.'”! The samples
used for this purpose were prepared under identical condi-
tions, but had been ion-irradiated without mask. Figure 1
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400 600 800 1000
Wavelength (nm)

Fig. 1. Real and imaginary parts of the index of refraction of Ag ion-exchanged
borosilicate glass before and after ion irradiation. The imaginary part of the
glass index of refraction before irradiation does not exceed 2 x 10~ over the
spectral range plotted and is not visible on the scale of the graph. The peaks in
both real and imaginary part of the index of the glass after irradiation are
caused by the surface plasmon resonance of small silver particles formed in the
irradiated layers. The data was obtained from reflection and transmission mea-
surements of samples prepared without a colloidal mask.

shows the index of refraction of the planar ion-exchanged and
ion-implanted layer estimated from reflection and transmis-
sion measurements. The measurements are compared to the
index of refraction of the unirradiated glass. The strong fea-
tures in both the real and imaginary parts of the index of re-
fraction with peaks at 442 nm and 430 nm, respectively, are
caused by the surface plasmon resonance of silver nanocrys-
tals in glass.!! The diameter of the silver nanocrystals is 2 nm
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(estimated from a fit of Mie theory[”] to the absorbance of
the irradiated layer), with interparticle distances of the order
of 10 nm. Both these values are much smaller than the open-
ings in the colloidal mask and than the wavelength of visible
light. The glass/Ag nanocrystal composite in the irradiated re-
gions of the masked sample is therefore as homogeneous as
the one in the reference sample. This means that the optical
constants of the irradiated regions of the masked sample are
comparable to the ones determined for the reference sample.
Figure 2 shows a laser scanning microscrope image of the
irradiated sample after removal of the colloidal mask. The
image was taken in reflection mode at a wavelength of

Fig. 2. Reflection image of a region of the sample ion-irradiated through a col-
loidal mask taken with a laser scanning confocal microscope at a wavelength of
488 nm, after the colloidal particles were removed. Light regions correspond to
areas that reflect the light more strongly than dark regions. A hexagonal pattern
of circular regions of low reflectivity is seen. This pattern is attributed to the
masking effect of a hexagonal array of colloidal spheres with 1.66 um diameter
during ion irradiation. The inset shows a magnified image of a hexagonally
ordered domain.

488 nm. The light regions in the image correspond to areas
that reflect light more strongly than the dark regions. The im-
age consists of dark circular regions forming a polycrystalline
hexagonal pattern in a light background. It is evident that this
image reproduced the “shadow” of the colloidal mask, with
the dark circles marking the positions held by the silica parti-
cles during the ion irradiation. The high reflectivity of the area
where the glass/Ag nanocrystal composite has formed (R =
0.16) is a signature of the elevated index of refraction of these
regions compared to the base glass (R = 0.05, see Fig. 1). The
period of the hexagonal array measured in crystalline domains
is 1.68 + 0.02 um, in close correspondence to the diameter of
the silica particles used as the mask.

Light-scattering experiments were performed to further
study the structure of the sample. In this type of experiments,
the reciprocal lattice of the scattering array is observed di-
rectly. A hexagonal array of scatterers also has hexagonal
symmetry in reciprocal space. In Figure 3 we show an image
of the scattering pattern in transmission using 442 nm radia-
tion on the same sample as depicted in Figure 2. The polycrys-
talline configuration leads to the appearance of diffraction
rings. Two rings, a strong inner and a weak outer ring (the lat-
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Fig. 3. a) Diffraction image of an ion-exchanged borosilicate glass irradiated
through a mask of colloidal spheres. On top of a diffuse ring, bright spots are
observed that indicate the hexagonal symmetry of the arrangement of the scat-
terers. Part (b) shows the same data, overlayed by two hexagons, corresponding
to diffraction from two differently oriented domains. The scattering vectors
associated with this pattern have a length of around 3.9 x 10® m™, which corre-
sponds to a lattice constant of 1.6 um.

ter is not shown in Fig. 3), can be discerned. With the modulus
of the scattering vector k. evaluated as

ke = 47% sing (1)
with 4 the wavelength in vacuum of the scattered light and 6
the scattering angle, the radii of the two rings correspond to
scattering vectors of lengths (3.9 + 0.2) x 10° m™ and (7.0 +
0.3) x 10° m™". The ratio of these two values is 1/+/3 within our
measurement error, which is to be expected for hexagonal
symmetry. The values correspond to a lattice constant of 1.6 £
0.1 um. Identical values for the scattering vectors are ob-
tained when light of different wavelengths in the blue and
green is used. The scattering efficiency decreases, however,
for longer wavelengths, in correspondence with the decrease
of the index contrast (see Fig. 1) and the strong wavelength
dependence (~ 1/4*) of scattering in general. For 633 nm light,
the scattered intensity was below the sensitivity of our mea-
surement. Note that Equation 1 describes scattering in vacu-
um and not in glass. It is valid in our case, however, as the
ratio between glass thickness and observation distance is
small.

At several places on the sample, the extent of the hexagonal
domains is of the order of the footprint of the laser. There the
light is scattered mainly from only one or two domains. The
bright diffraction spots on the diffuse ring in Figure 3 corre-
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spond to diffraction from such an area. These spots lie on the
corners of hexagons, as is seen more clearly in Figure 3b. It
shows the same data as Figure 3a, now overlaid with two
hexagons connecting two sets of diffraction spots. This corre-
lation is further evidence that diffraction takes place from
hexagonally ordered scatterers.

From the width of the diffraction ring we can estimate the
average size of the crystalline domains. At small angles (the
ring in Fig. 3 corresponds to a scattering angle of 17°), the
ratio between width and radius of the diffraction ring is
approximately equal to the ratio between lattice constant and
average domain diameter. This relation yields an average
domain size of 17 um. This value is in good agreement with
the average domain size observed in Figure 2.

Measurements with an atomic force microscope in contact
mode reveal that the irradiation with Xe ions changes the
morphology of the surface: irradiated regions are elevated by
30-40 nm above the unirradiated areas. However, consider-
ing the aforementioned wavelength dependence of the scat-
tering efficiency, this physical grating superposed on the index
grating is not the principal mechanism causing the diffraction
we observe. The wavelength dependence of the scattering effi-
ciency of such a physical grating is considerably weaker than
the one observed. Moreover, the scattering volume of the ele-
vated structures is much less than that of the structures in the
index grating.

In the present experiment, the size of the colloidal particles
used as the irradiation mask has been chosen such that the
structures fabricated in the glass are clearly visible in an opti-
cal microscope. However, the technique described here is not
limited to this size range. Smaller colloidal silica particles are
even easier to fabricate than large ones, and self-organize in
the same fashion. The lower limit for the period of the grating
is the range of the ions used to form silver nanocrystals in the
glass. For the conditions used in our experiments, colloidal par-
ticles with a diameter of 600 nm are still sufficient to stop
1 MeV Xe ions whose range is around 450 nm in silica. Two
possibilities seem viable to further reduce the period of the
structure: a reduction of the ion energy used for the irradiation
would alleviate the requirements on mask thickness and also
produce shallower gratings; the use of different mask materials
with higher stopping power for Xe ions, such as Ag or Au,['®!
or of anisotropically shaped particles (which have to be made
to stand upright) will also lead to a shorter period, whilst leav-
ing unchanged the properties of the glass/Ag nanocrystal layer.
Let us also note that techniques have been developed to fabri-
cate two-dimensional single-crystalline arrays of colloidal par-
ticles on the centimeter scale. Using such domains of a size
greater than the dimensions of the incoming light beam allows
the diffracted intensity to be localised in the diffraction spots
rather than a diffraction ring. Finally, colloidal particles can be
deposited in arrays of symmetries other than hexagonal with
the help of optical tweezers or a templated substrate."”! In this
way a variety of diffraction symmetries become available.

In summary, we have fabricated hexagonally ordered arrays
of scatterers in ion-exchanged glass by ion irradiation through
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a hexagonal mask of self-organized colloidal silica particles.
The contrast of the refractive index between ion-irradiated
and unirradiated regions is caused by the formation of silver
nanocrystals under the influence of the ion beam. In light-
scattering experiments we observed diffraction patterns corre-
sponding to hexagonal symmetry with a period of 1.6 um,
which correlates well with the diameter of the silica particles
used as implantation mask.

Experimental

Borosilicate glass was ion-exchanged for 5 min at 320°C in a 8.3 mol-%
AgNO3/91.7 mol-% NaNOj melt. Such an ion exchange gives rise to a surface
layer in the glass with a graded Ag* concentration up to a depth of around
1 um. The silver concentration at the surface amounts to 7.5 at.-%, as deter-
mined by Rutherford backscattering spectrometry. Colloidal silica particles of
1.66 um diameter were prepared from seeds grown by the usual ammonia-cata-
lyzed Stober synthesis [20] using a continuous growth set-up as described by
Giesche [21]. They were dissolved in ethanol and deposited onto the ion-ex-
changed glass. The silica particles ordered into a two-dimensional hexagonal
array during the evaporation of the solvent [16]. They served as a mask for ion
irradiation of the ion-exchanged glass.

The glass with its mask of colloidal particles was cooled to 77 K and irra-
diated with Xe ions at an energy of 1 MeV to a fluence of 5 x 10"* cm™. The
projected range of the Xe ions in silica is around 450 nm, considerably less than
the diameter of the mask particles. During irradiation with heavy ions, silver
nanocrystals are formed in the glass [14] in a layer determined by the range of
the implanted ions. This layer of glass/silver nanocrystal composite has an ele-
vated index of refraction in the blue and green region of the visible spectrum
[12]. After irradiation, the colloidal particles were removed from the surface of
the glass.

The samples were analyzed in a confocal laser scanning microscope in reflec-
tion mode at a wavelength of 488 nm after removal of the colloidal mask. We
used a 100x objective lens with a numerical aperture of 1.4. Light scattering
experiments were performed with a He—Cd laser operating at 442 nm in trans-
mission geometry. The footprint of the laser on the sample was around 300 pwm.
The light scattered by the sample was projected onto a screen and imaged using
a CCD camera.
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Modification of Electronic Structures of a Carbon
Nanotube by Hydrogen Functionalization**

By Keun Soo Kim, Dong Jae Bae, Jae Ryong Kim,
Kyung Ah Park, Seong Chu Lim, Ju-Jin Kim,
Won Bong Choi, Chong Yun Park, and Young Hee Lee*

The conventional synthesis approaches provide carbon
nanotubes (CNTs) with mixed chiralities,"?! which are not
separable with current technology. This has often been a bot-
tleneck in the application of CNTs to electronic devices such
as nanotransistors and memories that require ready-made
semiconducting CNTs.* ! One alternative approach is to
transform the electronic structure of the CNT to that of a
large bandgap semiconductor by a post-process treatment.
Functionalization of a CNT wall sometimes leads to serious
modification of the electronic structure. For instance, fluorina-
tion of the CNT modifies the electronic structures to be either
metallic or semiconducting, depending on the coverage and
method of fluorine application.!*®! This approach induces a
large strain on the tube wall and sometimes deteriorates the
CNT. Although metallic multiwalled CNTs could be trans-
formed to semiconducting ones by an effective peeling, this is
not easily accessible from technical point of view.’) A more
reliable way to transform metallic CNTs to semiconducting
ones with a minimal alteration on the CNT-wall stability is
highly desirable.

Here we present a method for CNT functionalization by
exposing CNTs to hydrogen atoms. To demonstrate the effect
of hydrogen functionalization, we fabricated a CNT-metal
junction on a silicon substrate by electron-beam lithography,
where one half of each CNT was buried in an SiO, layer of
100 nm thickness, and the other half was exposed to air, as
shown in Figure la. The details have been published be-
fore."”) The exposed part of the CNTs was functionalized by
atomic hydrogen, and the half of the CNTs buried in SiO,
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remained unaffected. We should emphasize that this approach
to the hydrogenation process is very simple and straightfor-
ward without the need to worry about hydrogen bonds being
damaged from ultraviolet irradiation, unlike in the previous
report.[“]

We prepared two samples: One was metallic (we call this
the MS sample) and another was semiconducting with an en-
ergy gap of 0.8 eV (we call this the SS sample). Both samples
showed an ohmic behavior at near room temperature
(Fig. 1b), with a resistance of 155 kQ for the pristine MS
sample, and 10 MQ for the pristine SS sample. The -V (cur-
rent-voltage) characteristics were significantly changed after
hydrogenation, as shown in Figure 1b. Rectifying effects were
observed for both samples. The anisotropy, which can be
defined as

a=I(Vq=2V)I(Vq=-2V)] (1)

was 5 and 10 for the respective MS and SS samples, i.e., the
rectifying effect was more prominent in the SS sample. We
emphasize that both samples were operable as a rectifier at
room temperature. The differential conductance dI/dV was
finite near the zero-bias region at 5.6 K in the pristine MS
sample (inset of Fig. 1c), suggesting this sample to be nearly
metallic. The pristine SS sample revealed a vanishing conduc-
tance near the gap region (inset of Fig. 1d), suggesting it to be
a semiconducting CNT. We estimated the contact-barrier
height, ¢, between the metal electrode and the pristine CNT
from an Arrhenius plot and an extrapolation to zero-drain
voltage by assuming that /-V-T (current-voltage—tempera-
ture) characteristics follow the thermionic electron emission
model, and 6y, is proportional to the square root of the drain
Voltage.[m The contact barriers were determined to be
14 meV and 60 meV for the pristine MS and SS samples,
respectively. We also evaluated the energy gap of the semi-
conducting SS sample. Since two metal-CNT contacts were
formed in series, the energy gap can be defined as half of the
zero-conductance region confined by the abrupt increase in
the conductance at low temperature (inset of Fig. 1d).¥! The
energy gap was about 0.8 eV, similar to that obtained in a pre-
vious scanning tunneling spectroscopy study.m] After hydro-
genation, a clear energy gap of 1.88 eV was observed in the
MS sample, and the conductance increased almost linearly
above the gap region, as shown in Figure 1c. The energy gap
was modified to 4.4 eV in the hydrogenated SS sample, which
is more severely widened compared to that of the hydroge-
nated MS sample.

The rectifying diode effect is clearer when we look at the
gating effect, as shown in Figure 2. No gating effect was ob-
served at low temperature in the pristine MS sample, suggest-
ing that the MS sample is simply a metallic tube. Since the cur-
rent flow is symmetric with respect to the polarity of the drain
voltage, two metal-CNT contacts were formed symmetrically.
After hydrogenation, this sample became semiconducting
even at room temperature, revealing the gating effect with a
hole-type carrier, where the current is suppressed at positive
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