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We report the theoretical and experimental study of photonic propagation in organic dielectric

nanotubes elaborated by a wetting template method and showing off an aspect ratio as high as 200.

Single mode behaviour is theoretically demonstrated without any cut-off conditions. Efficient

evanescent coupling between polymer microstructures and nanotubes dispersed on a photonic chip

as well as the high confinement and propagation in a single nanotube have been demonstrated.

These results show the potential of well-defined one-dimensional nanostructures as building

blocks for integrated organic photonic devices. Applications such as sensing and high speed

communication are envisaged. VC 2011 American Institute of Physics. [doi:10.1063/1.3637043]

Integrated photonic circuits offer great opportunities for

high speed data transport and highly sensitive sensors.

Related improvements rely on the comprehension of optical

properties at the nanoscale and on the design of densely

packed photonic devices. In this context, high aspect ratio

nanostructures are mostly interesting. In particular, cylindri-

cal nanostructures (nanowires and nanotubes NTs) always

support at least one optical mode whatever their diameter.

Moreover, they present a high evanescent field which can be

exploited for highly sensitive sensors1 and for efficient cou-

pling with photonic structures.2 Regarding the strategies for

integrated photonics found in the literature, the ones based

on polymeric materials are of great interest. Indeed, they

present a large range of accessible optical properties by mod-

ification of their chemical structure. Moreover, liquid-phase

processability and flexible support allow a large scale fabri-

cation. Thereby, polymer-based photonic devices have

already been reported such as organic light-emitting diodes,3

photodiode,4 solar cell,5 coupling splitters,6 or non-linear

waveguides.7 Nevertheless, despite the increasing number of

reports in nanophotonics involving 1D-nanostructures,

dielectric organic nanotubes present a lack of investigations.

Only a few in-solution fabrication methods are appropriate

for tubular nanostructure elaboration. Among them, the wet-

ting template method8 appears quite unique to precisely con-

trol the diameters of a large number of nanostructures

processed in parallel in a non-consuming time, as evidenced

recently for insulating9 and semi-conducting polymers.10,11

In this letter, we show photonic waveguiding behaviour

in single organic SU8 (epoxy based negative photoresist)

nanotube by a theoretical approach supplemented by an ex-

perimental investigation. This SU8 material has been already

used at a micro-scale as light guiding structures,12 photonic

crystal,13 and MEMS14 thus demonstrating it is an appropri-

ate candidate for integrated optics. Its experimental investi-

gation at the nanoscale is here performed by integrating SU8

nanotubes on a photonic chip also constituted of SU8 wave-

guiding structures.

The theoretical approach has been performed by apply-

ing to dielectric organic nanotubes an original analytical for-

malism recently developed.15 The modal cut-off thicknesses

of the NTs are obtained by resolving numerically the eigen-

value equations. These cut-off values (outer /out and inner

/in diameters) govern the presence or not of a mode in the

structure. Figure 1 shows the cut-off values for the transverse

electric TE01 and transverse magnetic TM01 modes. The nor-

malized inner diameter /in/k is plotted as a function of the

normalized outer diameter /out/k resulting in a map of single

mode and multimode areas, k being the wavelength. The ge-

ometrical limit depicts the forbidden zone where /in can not

exceed /out. The main result is that for /out/k smaller than

0.64, the structure is single hybrid (HE11) whatever the inner

diameter. For larger /out/k, additional modes are allowed

FIG. 1. Theoretical map of single mode and multimode behaviour in SU8

nanotubes as a function of inner /in and outer /out diameters normalized by

the wavelength. The hatched grey zone highlights the area related to the

nanotubes fabricated here (/out¼ 255 nm and /in¼ 215 nm). Insert: SEM

image before the dispersion in single NTs.
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depending on the inner diameter. The grey hatched zone

highlights the area related to NTs investigated in the follow-

ing section. This map clearly proves that exclusively single

mode propagation exists in these SU8 nanotubes.

The propagation of light into nanotubes with appropriate

diameter has been experimentally investigated. SU8 nano-

tubes have been elaborated and integrated onto photonic

micro-chips. Their fabrication is performed by a template

strategy13 based on the impregnation of the 200 nm-diameter

pores of a commercially available 60-lm thick alumina po-

rous membrane (anodized aluminium oxide, AAO) with a

drop of SU8 photoresist. After diffusion of the SU8 in pores,

the whole sample was exposed to UV light (k¼ 365 nm, 200

mJ/cm2) for polymerisation. To release the nanotubes from

the alumina membrane, the sample was immersed in a selec-

tive NaOH solution (1.5 M). Energy dispersive x-ray spec-

troscopy analysis (not shown here) confirms the total

removal of the AAO. The insert in Fig. 1 displays a scanning

electron microscopy (SEM) image after the removal of the

sample. From a statistical analysis of SEM images, the outer

diameter /out of SU8 nanotubes is evaluated at 255 6 30 nm

and the wall thickness at 40 6 10 nm, which is consistent

with the grey hatched zone of Fig. 1. Finally, the NTs are

dispersed in single objects by sonication in isopropanol.

SU8 NTs have been integrated on a photonic integrated

chip along organic SU8 microstructures. The fabrication pro-

cess consists in a one-step UV-lithography process. The

thickness of the microstructures (ridge waveguides of 6 lm

width and microdisk of 200 lm-radius connected to ridge

waveguides) is 30 lm and is determined by the viscosity of

the SU8 (SU8-2025, g¼ 4500 Pa s) and by the patterning

steps conditions.16 The final integrated photonic circuit is

fully organic except the substrate working as the lower clad-

ding layer (nSiO2¼ 1.45). Schemes of the chip and of the

micro-injection bench for optical characterization are pre-

sented in Fig. 2. The optical chip is tested on a set-up based

on an end-fire method to couple light from the laser into the

cleaved waveguide end facets. Visible light (k¼ 670 nm)

and near infrared light (k¼ 840 nm) have been injected.

Injection is controlled and optimized with a CCD camera at

the exit of the chip, as shown on the CCD image where the

cross-section of a waveguide during light propagation is pre-

sented. A micro-beam profiler (MBP, Newport) equipped by

a CCD camera is placed on top of the bench allowing far-

field intensity record.

Optical propagation in NTs is investigated through their

excitation by evanescent coupling17 with a microdisk. In this

purpose, light is coupled into a waveguide and propagates to

the microdisk where whispering gallery modes (WGMs) are

excited and circulate at the surface. This configuration is par-

ticularly appropriate since the evanescent tail of the guided

light is highly dependent of the waveguide geometry. For a

curved waveguide and as a consequence for a microdisk, the

Gaussian beam axis shifts towards the outside of the bend18

and leads to an extended evanescent tail19 in the low refrac-

tive index medium (here, the air). Figure 3(a) shows a SEM

image of a single NT located closed to a microdisk. Figure

3(b) is the corresponding far-field intensity CCD image

under infrared light injection. This close-up view, obtained

with a 50x objective, demonstrates that light is confined both

at the edges of the microdisk highlighting the WGM and

along the NT. Figure 3(c) is an intensity profile plotted along

the dotted white line visible in Fig. 3(b). The hatched rectan-

gle has been added to depict the dimension of the nanotube.

This profile shows the light confinement centered along the

NT demonstrating the efficient optical evanescent coupling

and the light propagation in these sub-wavelength nanostruc-

tures. It also highlights the high evanescent tail. Indeed, the

fit of the profile with a Gaussian function leads to a full half

width maximum of 739 nm. The diameter of the NT of inter-

est being 300 nm that leads to an extension of the field

slightly higher than 200 nm outwards the NT.

The scattering losses have been quantitatively estimated

from the exponential attenuation coefficient a of the Beer-

Lambert law I(x)¼ I0 e�ax, where I is the recorded light in-

tensity along the propagation length x (originating at the ex-

tremity of the NT close from the disk) and I0 is the initial

light intensity. Figure 3(d) shows the linear dependence ln

I¼ f(x) along the NT during infrared light injection. The lin-

ear fit of the experimental data in Fig. 3(d) leads to losses of

210 dB/mm for infrared light. The same study has been per-

formed under red light injection and gives 129 dB/mm. This

FIG. 2. (Color online) Sketch of the optical characterization set-up. Injec-

tion in integrated microstructures is optimized within cross-section imaging

by a CCD camera (the CCD image shows the output of a waveguide of

30 lm high and 6 lm width). Top views of far field images are recorded

with a CCD microbeam profiler.

FIG. 3. (a) SEM image of a nanotube close to the edge of a disk-reservoir.

(b) MBP image of the optical field during light injection. (c) Light intensity

I profile along the dotted line shown in (b). The hatched rectangle represents

the NT diameter. (d) Experimental plot of (ln I) as a function of the distance

along the NT. The slope of the linear fit leads to scattering losses estimation.
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wavelength dependence is consistent with previous studies

evidenced in SU8 structures at a microscale. For magnitude

losses comparison, SU8 microstructures exhibit few tenths

of dB/mm (Ref. 20) for red light. Higher losses in sub-

wavelength waveguiding structures are expected due to the

significant evanescent field. It can be noted that plasmon

waveguides21 present losses of few thousands dB/mm and

O’Carroll et al. reported losses of 480 dB/mm in an active

polymer nanowire waveguide.22

In conclusion, we have demonstrated the waveguiding

properties of dielectric organic nanotubes. The theoretical

study predicts a HE11 monomode behaviour without fre-

quency cut-off. Integration of SU8 NTs on an organic pho-

tonic chip constituted of appropriate microstructures for

efficient evanescent coupling confirms their propagation

capacity with acceptable losses compared to sub-wavelength

nanostructures. The features of these SU8 nanotubes make

them candidates for optical interconnections in highly

packed and low-cost integrated optical circuits.
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