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研究成果の概要（和文）：本プロジェクトは、極薄素材の端に生じる「しわ」の湾曲率の影響を、理論と実験に
より解明することを目指したが、研究過程にて、フェムト秒レーザーを用いて光学的にアクセス可能な任意長の
ナノチャネルを作成する技術を偶然発見した。このナノチャネルは、ナノ結晶ダイヤモンドフィルムとガラス基
板の間に形成され、断面の幅と高さの比が約100のスリットと類似しており、高さは100nm以下で精密調整が可能
である。我々は、このチャネル作成のレーザー加工のメカニズムを解明し、本技術を用いたフィルムのパターニ
ングも実証し、さらなる応用可能性を検証するため、コストや時間を削減できるナノ流体デバイスの製造技術開
発を行った。

研究成果の概要（英文）：This project was undertaken for the purpose of wrinkle research. During the 
course of this research, we accidentally discovered a technique for fabricating optically accessible
 nanochannels of arbitrary length using a femtosecond laser. These nanochannels are formed between a
 thin film of nanocrystalline diamond and a glass substrate, their cross-section resembles a slit 
with a width-to-height ratio of approximately 100, and their height can be precisely tuned at less 
than 100 nm. We were able to elucidate the laser processing mechanism that creates the channels, and
 we were able to demonstrate film patterning using the same technique. To validate the applicability
 of this research, we have developed nanofluidic devices that do not require the use of complex, 
costly, and time-consuming fabrication techniques.

研究分野： Nanocrystalline diamond
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研究成果の学術的意義や社会的意義
The project is of fundamental scientific significance for various applications, such as designing 
nanofluidic devices for biomolecule detection.

※科研費による研究は、研究者の自覚と責任において実施するものです。そのため、研究の実施や研究成果の公表等に
ついては、国の要請等に基づくものではなく、その研究成果に関する見解や責任は、研究者個人に帰属します。
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１．研究開始当初の背景 
 
With this project, we aimed to elucidate the effect of boundary curvature on the wrinkling of 
thin suspended films by theory and experiment. Much of the project involved developing a 
method for fabricating such structures using next-generation sustainable technologies. We 
successfully established such a method; however, while doing so, we serendipitously 
discovered a simple method for fabricating nanochannels. Most of the remaining time of the 
project was then invested in disseminating the nanochannel fabrication method. The method 
for making wrinkled structures was also used to fabricate a nanofluidic device comprised of 
open microchannels and closed nanochannels. 
Nanofluidic channels, which have one dimension below the 100 nm cornerstone, are typically 
fabricated by combining techniques such as electron beam lithography, focused ion beam 
milling, reactive ion etching, thin-film evaporation, photolithography, and thermal bonding 
[1]. Such traditional techniques can yield durable devices but are complicated, expensive, and 
time-consuming, hindering progress in the field [2]. Still, recent progress in nanofluidics, 
which affords fundamental discoveries, energy-harvesting technologies, drug delivery, and 
biological analysis [3,4], provides ample reasons for finding novel approaches to fabricating 
nanochannels. 
The direct femtosecond laser writing of nanochannels has the potential to substantially 
reduce the issues related to traditional fabrication techniques. Still, it has been a persistent 
challenge due to the small length scales involved. However, inspiring progress towards 
meeting this challenge has been made. Liao and coworkers [5] demonstrated the formation 
of sub−50 nm nanochannels in porous glass. However, the glass had to be thermally treated 
at approximately 1393 K to make the channels useful for applications, and the method did 
not enjoy subsequent development. Temnov and coworkers [6] demonstrated the formation 
of nanocavities in thin nickel films. Films that contain these cavities may provide ample 
opportunities for magnetism-related research. However, due to their lack of optical 
accessibility, it is difficult to interrogate their content. Lu and coworkers [7] demonstrated 
the formation of nanochannels in fused silica substrates through material ejection. Because 
of this mechanism, a channel forms a blind hole with cross-sections that differ in diameter 
but can be no more than 10 μm long, which strongly restricts device fabrication. 
 
２．研究の目的 
 
The aim of this project morphed into fabricating nanochannels by direct femtosecond laser 
writing due to a fortunate stroke of serendipity. The fabrication process is studied deeply to 
understand the physical/chemical processes during laser writing. To verify that the channels 
conduct liquids, we fabricated a nanofluidic device and observed the filling of the channels 
through capillary action. The project is of fundamental scientific significance for various 
applications, such as designing nanofluidic devices for biomolecule detection. 
 
３．研究の方法 
 
The material platform for direct femtosecond laser writing of optically accessible 
nanochannels with arbitrary lengths and slit-like cross-sections is a nanocrystalline diamond 
(NCD) film grown on a glass substrate. Nanochannels are formed between an NCD film and 
a glass substrate. The nanochannels created this way have cross-sections with a maximum 
height below 100 nm and widths on the order of micrometers. The shape of the nanochannels 
is investigated with atomic force microscopy (AFM). Laser-induced morphology changes are 
investigated using Raman spectroscopy and scanning electron microscopy (SEM). The 
presence of nanochannels and liquids in the channels is investigated using reflectance data 
obtained by confocal laser microscopy that is compared with reflectance simulations based 
on the AFM data. The schematic for fabricating a nanofluidic device is provided in Figure 1. 



 
 
４．研究成果 
 
We established the direct femtosecond laser writing of optically accessible nanochannels with 
arbitrary lengths. They exist between NCD films and glass substrates, and their cross-
sections resemble slits with width-to-height ratios on the order 100. The heights of such 
channels can be tuned precisely below the 100 nm cornerstone. We focused on understanding 
the mechanisms involved and showcased film patterning using the same technique. To 
demonstrate that our findings apply to the fabrication of devices, we designed and made a 
nanofluidic device while circumventing traditional fabrication techniques, which are often 
complex, expensive, and time-consuming. 
 
As schematically represented in Figure 2, we 
found that laser writing can convert a portion 
of the sample into a nanostrip and that this 
phenomenon is induced by the expansion of 
sample material. The nanostrip is flanked by 
two nanochannels, formed through film 
delamination, and contains non-diamond 
carbon that plays a crucial role in supporting 
the delaminated film portions. This non-
diamond carbon is formed when diamond 
changes into a different carbon allotrope. The 
nanostrip also consists of NCD and glass 
particles, which might be mixed with carbon. 
Our experiments demonstrated that 
nanostrip formation is initiated in a portion of 
the NCD film near the film—substrate 
interface. This might be traced to the presence 
of low-quality NCD in that vicinity, which is 
bound to absorb more light than high-quality NCD. If so, an NCD film on a glass substrate 
can be conceived as a three-layer system in which a relatively strong light-absorbing layer 
(low-quality NCD) is located between a relatively weak light-absorbing layer (high-quality 
NCD) and another layer (glass). Such samples may be fabricated with various materials and 
then used for the direct laser writing of embedded nanostructures with desired properties. 

Figure 1 In step I, we seed a glass substrate with nanodiamonds. In step II, we deposit diamond on 
these grains with chemical vapor deposition until a closed nanocrystalline diamond (NCD) film is 
formed. In step III, we pattern the film through laser writing. The film is kept relatively thin, so 
patterning can be done at relatively low laser power to minimize substrate damage. In step IV, we 
increase the thickness of the films. In step V, we etch the substrate with a hydrofluoric acid-based 
mixture, transforming the concentric patterns into reservoirs and the straight-line patterns into open 
microchannels. In step VI, we connect the microchannels through the direct laser writing of 
nanochannels — more information on the shape of the channels is provided in the discussion below. In 
step VII, we deposit water in the reservoirs, and due to capillary action, the channels fill with water. 

Figure 2 Schematic representation of direct 
femtosecond laser writing of nanochannels 
between an NCD film and a glass substrate. 



 
Figure 3 shows that the height H* of the nanostrip can be represented as a sigmoidal function 
of laser pulse energy E. We also found that H* increases as the width W of the lasered 
structures increases, following an approximately quadratic power law. As a result, H*/W 
grows as E increases. We also found that confocal laser scanning microscopy (CLSM) holds 
significant potential as a technique for sensing substances within optically accessible 
nanochannels when combined with specular reflectance simulations. 
 
We demonstrated that relatively smooth patterns can be formed in samples through laser 
writing. This can be done if the NCD film is sufficiently thin (approximately 60 nm). 
Increasing film thickness requires more laser pulse energy, which leads to increased 
substrate damage and film delamination. We found that the probability of film fracture 
increases with laser pulse energy. Still, comparatively thick patterned films can be obtained 
while maintaining minimum substrate damage if diamond deposition is continued after 
patterning thin films. 
 
Based on our findings regarding nanochannel writing and film patterning, we designed and 
fabricated a nanofluidic device with open microchannels that connect nanochannels and 
reservoirs. By filling the reservoirs with water, the microchannels were found to direct water 
to the nanochannels through capillary action, as confirmed with CLSM. 

Figure 3 (a) Sample—air interface height H of structures obtained by laser writing plotted versus y. 
See Figure 2 for the orientation of the coordinate system. H is calculated by averaging atomic force 
microscopy (AFM) data. From these results, the cross-sectional dimensions of the nanochannels can be 
estimated. (b) Maximum height H = H* of the structure formed through laser writing, plotted versus
laser pulse energy E. (c) H* plotted versus the width W of the laser-written structures examined in (b).

Figure 4 (a) Reflected light microscopy (RLM) image of an air-filled nanofluidic device. (b) RLM image
with water-filled nanochannels. (c) RLM intensity Ir plotted versus y. (d) Confocal laser microscopy 
(CLSM) intensity Ic plotted versus y. (e) Specular reflectance R, obtained through simulations plotted 
versus y. The simulations support the presence of water in the nanochannels. 



We showed that femtosecond laser writing provides an effective, high-precision means to 
create optically accessible nanochannels with arbitrary lengths and cross-sections with 
dimensions that differ by two orders of magnitude. Such channels find applications in various 
fields, including optofluidics, biosensing, and nanofluidics, where controlling and 
manipulating fluids, particles, or light at the nanoscale is essential. Our work was published 
in Carbon [8], and a patent was filed [9]. 
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