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We demonstrate subwavelength imaging in the visible range by using a metal coated carbon nanotube 

forest. Under 532 nm illumination, a 160 nm separated double slit is resolved. This corresponds to the 

resolution of 0.3 wavelength. By control of the growing conditions and with the help of microtoming 

technique, we made a dense carbon nanotube forest layer 400 nm thick. The metal coated carbon 10 

nanotube forest, acting as a wire medium nanolens, delivers the imaging information including details in 

the evanescent fields near the objects. 

Introduction 

Two point-like light sources are not resolved when their 

separation is shorter than half the wavelength of the emitting 15 

light.1 This is the well-known diffraction limit which arises from 

the fact that higher resolution information remains near the 

imaging object as evanescent fields, and does not propagate to the 

far distance. To overcome the diffraction limit, one should use 

light whose wavelength is shorter than the size of the target to be 20 

resolved. This is the fundamental reason that human eyes cannot 

directly observe nano-sized structures even with the aid of 

delicate optics. In exploring the nano-world, electron 

microscopes are usually adopted but they are not proper for 

fragile sample observations as in bio-applications and in vivo 25 

measurement. Due to the electron’s high energy, the samples may 

suffer crucial damages during the measurement process. 

Therefore, it is important to develop a photonic based nano-

imaging system. Since the diffraction limit hinders imaging nano-

structures, light sources below ultra-violet (UV) wavelengths are 30 

required. However, it is demanding to implement an imaging 

system using light sources below the UV wavelengths. Besides, 

with the decreasing wavelength, photon energy increases and this 

inevitably leads to the destruction of soft samples. These reasons 

and the desire to directly see nano-structures provide the 35 

motivations for researchers to seek a way to overcome the 

diffraction limit.   

To this end, various ideas have been suggested in the recent 

decade.2-5 One of the more widely known ideas was proposed by 

Pendry, a ‘perfect lens’, which consists of negative refractive 40 

index material, and surpasses the diffraction limit by 

compensating decays of the evanescent field.6 However, negative 

refraction does not occur in natural bulk materials, so researchers 

have tried to realize negative refraction artificially using periodic 

composite structures7~11, and contemporarily, to develop another 45 

kind of superlens in which negative refraction is not 

involved.12~16  

These directions naturally led to investigations using a wired 

medium (periodic wire array) in imaging applications.3 Recently, 

Kawata et al. proposed an optical imaging system using 50 

segmented silver nano-wires.17 Their nanolens can provide a 

magnified and colourful image of a nano-size object, in principle. 

Each nanowire in their nanolens works as a channel for an 

imaging pixel, so the resolution is determined by the separation 

distances between wires in the bundle. Accordingly, to improve 55 

the resolving power of the endoscopic nanolens, making the wires 

small and in an appropriate arrangement are key points. 

Experimentally, several endoscope-like imaging systems have 

been demonstrated in the microwave18 and infrared regions.19 To 

realize a wire medium nanolens that works in the visible range, 60 

the diameter of the cylinder and the pitch of the cylinder array 

need to be much smaller than the wavelength of visible light. 

Furthermore, to support the plasmonic modes which carry 

imaging information of the object from the object interface to the 

other interface of the nanolens, the cylinders in the wire medium 65 

should be metallic. One of the best candidate materials satisfying 

these conditions is the carbon nanotube (CNT). 

In this article, we experimentally demonstrate a plasmonic 

subwavelength nano-imaging system that works in the visible 

range by using a metal coated CNT forest nanolens. By 70 

controlling its growing conditions, the geometrical properties of 

the CNT structure, such as diameter, length and the pitch of the 

array, can be adjusted to be much smaller than the wavelength of 

visible light.  

Fabrication and experiment 75 

    The fabrication process of the CNT forest is depicted 

schematically in Fig. 1(a), and the images of each step are 

presented in Fig. 1(b). To make the pitch of the CNT forest in a 

nanometer scale, we adopted a bottom-up fabrication technique 

using a self-assembled block copolymer which is capable of 80 
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building up nano-structures within several tens of nanometer 

resolution.20~23 (see Supplement 1) Tilted evaporation of an iron 

layer over the block copolymer template can create nano-

patterned iron catalysts (diameter ~9 nm) significantly smaller 

than the pore size of the block copolymer template (~43 nm). A 5 

subsequent heat treatment process reduces the size of the iron 

particles enough to form a single walled nanotubes array. The 

diameter, length, and the spacing between centers of nanotubes 

were 10-14 nm, ~30 µm, and 72 nm, respectively.  

  10 

Fig. 1. (a) Schematic depiction of the hierarchical organization process 

used to fabricate metal coated vertical CNTs. (b) The SEM images of 1) 

nano-porous template, 2) patterned Fe catalyst, 3) as-grown CNTs, 4) Pt-

coated CNTs and the TEM image of Pt-coated CNTs, 5) PDMS infiltrated 

CNTs. The images in (b) correspond to each process in the schematic (a) 15 

by numbering marks. 

To support the plasmonic mode, we coated platinum on the 

CNT forest.22 The uniform coating of platinum particles was 

confirmed by transmission electron microscopy, depicted in Fig. 

1(b). The reason we choose platinum instead of silver, which is a 20 

well-known plasmonic metal5,12, is that silver forms aggregations 

when one tries to coat it on a CNT forest. After coating with 

platinum, polydimethylsiloxane (PDMS) polymer was infiltrated 

into the CNT forest for the purpose of fixing the CNT columns 

and sample transfer. Then, the CNT forest was peeled off and 25 

molded in ultratoming-purpose epoxy. We froze the CNT forest 

down to 77 K using liquid nitrogen and sliced it with a cryo-

ultratoming machine equipped with a precision diamond knife.  

Due to the low temperature environment, the PDMS was 

hardened enough to slice into 400 nm thick layers. 30 

 
Fig. 2. (a) A schematic for the sample and the imaging experiment. CNTs 

are arranged in a hexagonal lattice with 80 nm pitch. A normal incident 

light of wavelength 532 nm, polarized perpendicular to slits, is 

illuminated. The light intensity distributed on the surface of the CNT 35 

forest nanolens is scanned by the SNOM imaging system. (b) A picture of 

the slit sample covered by the CNT forest nanolens. (c) The SEM image 

of the bare slit sample corresponds to the area in the red dashed box in (b). 

The numbering (1), (2), and (3) indicates a single slit, a less carved single 

slit and the 160 nm separated double slit, respectively.   40 

The sliced metal coated CNTs, as a CNT forest nanolens, was 

placed on a double slit sample as depicted in Fig. 2(a). The 

double slit sample was prepared using focused ion beam (FIB, 

Quanta™ 3D FEG manufactured by FEI) to engrave a 100 nm 

thick chromium film on a glass substrate. The width of the slit 45 

was 90 nm and they were separated by 160 nm. The slits were 

entirely sandwiched by the CNT forest nanolens layer and the 

glass substrate. The optical image of the sample (CNT forest 

nanolens + slits + glass substrate) is shown in Fig. 2(b). The 

numbering (1), (2), and (3) in Fig. 2(b) indicates a single slit, a 50 

less carved single slit and the 160 nm separated double slit, 

respectively. The SEM image of the bare slit sample in Fig. 2(c) 

corresponds to the area inside the red dashed line in the Fig. 2(b).  

The sample was placed in a scanning near-field optical 

microscope (SNOM, WITec Ins. Corp. alpha 300s) for near-field 55 

measurement. While scanning, the glass substrate was irradiated 

by diode laser (λ0 = 532 nm) with polarization perpendicular to 

the slits. The near-field signals above the CNT forest nanolens 

were collected by the SNOM probe (aperture diameter: 60 nm) 

and entered to the photodetector.  60 

Results and discussion 

The SNOM measurement in Fig 3(a) shows a nanolens 

transferring an image of the light transmitted through the nano slit. 

As shown in the SEM image of the bare slits before attaching the 

Page 2 of 4Nanoscale



 

This journal is © The Royal Society of Chemistry [year] Journal Name, [year], [vol], 00–00  |  3 

CNT forest nanolens layer, single and double slits are placed on 

the left and right, respectively. It is shown that 160 nm separated 

slits are clearly distinguished under 532 nm illumination. The 

separation is about one-third of the wavelength of incident light, 

so it is certain that the CNT forest nanolens works over the 5 

diffraction limit, transporting subwavelength scale images. 

During the SNOM scanning process, we changed the intensity of 

the laser for clear contrast electromagnetic field profile, so the 

image in Fig. 3(a) is striped and the SNOM signals are presented 

in various contrasts. 10 

 
Fig. 3. (a) The SNOM image on CNT forest nanolens and SEM image of 

the slits are overlapped. The width of each slit is 90 nm. The double slit 

with 160 nm separation is resolved in various contrasts. (b) The SNOM 

image on PDMS coated slits and the SEM image of the slits are 15 

overlapped. As expected, the double slit is not resolved and the image is 

blurred because of the diffraction limit. (c) The cross cut of the field 

distributions are shown. The field intensity is presented in arbitrary units 

and the slit positions are indicated using grey bars.  

To confirm whether the metal coated CNTs really transferred 20 

subwavelength scale imaging details from one side to the other, 

we performed contrast experiments without CNTs. In Fig. 3(b), 

the SNOM measurement image of a slit sample with just a PDMS 

coating is shown. In the sample, double and single slits are 

covered with a thin PDMS layer (about 410 nm, see Supplement 25 

2). The electromagnetic field right after passing the slits should 

contain clearly distinguishable double slit image information. 

However as it passed through the PDMS layer, evanescent fields, 

which carry high spatial resolution information, decay from the 

slit apertures. Thus, as shown in the Fig 3(b) image, the 30 

electromagnetic fields reaching the other side of the PDMS layer 

lack subwavelength scale details, resulting in a blurred double slit 

image. Because of the diffraction limit, this result is expected, 

since the objective slits are separated by less than half the 

wavelength of the incident light. Figure 3(c) shows the cross cut 35 

of the field distributions along the white dotted line in Fig. 3(a) 

and (b). By comparing both cases in Fig. 3, it is certain that the 

CNTs bundle does have the ability to transport a subwavelength 

scale image over distances. 

For further support of our experiments, we also performed full 40 

3D Finite-Difference Time-Domain (FDTD) calculations.24 The 

FDTD results are presented in Fig. 4. In FDTD, we used platinum 

cylinders to simulate the platinum coated CNT forest. They were 

arranged in a hexagonal lattice of 80 nm pitch, immersed in a 400 

nm thick PDMS with a refractive index of 1.4. Their diameter 45 

was 44 nm. The material dispersion was realized using the 

critical-point model,25 applying permittivity parameters from 

other experimental references.26 Just as in the experiment, the 

light was incident on chromium slits with polarization 

perpendicular to the slit direction. 50 

 
Fig. 4. The cross cut image (a) and (b) are from the CNT forest nanolens, 

and (c) and (d) are from the PDMS on slits. Each case of CNT forest 

nanolens and PDMS on slits is simulated using the FDTD method. In (a) 

and (c), the CNT forest nanolens and PDMS layer are placed at 0-400 nm 55 

in the y-axis, respectively. The top views (b) and (d) are taken from 15 

nm above the interface of the CNT forest nanolens and PDMS layer. (e) 

Field intensity passing through the CNT forest nanolens and PDMS slabs 

are compared. The slit positions are marked with grey bars. The y-axis 

stands for field intensity and they are in arbitrary units. 60 

In Fig. 4(a), the field distribution of the CNT forest on the 

double slit is presented. The outcoming electromagnetic fields 

from the double slit couple to the metallic cylinder array and are 

carried to the opposite side. While transferring, the 

electromagnetic fields are carried by surface plasmon polaritons 65 

on the metallic cylinder surfaces, so they are spatially confined in 

the horizontal direction, keeping their high spatial frequencies, 

which are evanescent. Thus the resolution of the target image 

(double slit) is determined by the size of the metallic cylinder 

array. Note that in Fig. 4(b), the brightest speckles are placed at 70 

the slit’s position. This means that the electromagnetic fields 

from the double slit have been transferred while keeping their 

subwavelength scale imaging details.  

Figure 4(c) and (d) present the electromagnetic field intensity 

distributions for the case where the CNT forest was replaced by 75 

the PDMS slab. In Fig. 4(c), the electromagnetic field only 100 
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nm apart from the double slit is blurred. The refractive index of 

PDMS is 1.4, which is denser than air, so it is deduced that in air, 

the double slit of 160 nm separation can be resolved only when 

observation is made within 140 nm away from the slits. Any 

simple dielectric’s (isotropic and homogeneous) refractive index 5 

is bigger than that of the air, so a dielectric slab cannot help in 

resolving the double slit under 532 nm illumination. In contrast, 

Figs. 3(a), 4(a) and (b) show a clearly resolved double slit image, 

which has been transferred by the Pt coated CNT forest over a 

distance of 400 nm. In Fig. 4(e), we plot the averaged 10 

electromagnetic field intensities from the cross cut of Fig. 4(b) 

and (d), and the slit positions together for comparison. 

Although the distance 400 nm is shorter than the wavelength 

(532 nm), the two slits were not resolved over the distance except 

by the CNTs. If we stack the CNTs array to make the nanolens 15 

thicker, as suggested by Kawata et al,17 the subwavelength scale 

image could be transferred much further distances. In this regard, 

our work, demonstrated here, is an important step toward 

realization of a far-field working nanolens in future. 

Conclusions 20 

We have demonstrated a nano-imaging system which can 

resolve two slits separated by 160 nm with visible light of 532 nm 

wavelength. That is, the resolving power of the imaging system is 

at least 0.3 wavelength. The metal coated CNTs, as a wire 

medium nanolens, successfully transfers nano-scale spatial 25 

information from one side to the other side using surface plasmon 

polariton modes. We made a CNT forest nanolens in the desired 

shape by controlling the CNT growing conditions. Moreover, the 

thickness of the nanolens was tailored by microtoming technique. 

Our work will be helpful in realizing novel optical devices such 30 

as a full color supportive far-field nanolens. 
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