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Abstract 

Recently micro-/nanofluidic devices are widely used for various research areas including 

biological, chemical, and biomedical applications. Such mixed-scale micro-/nanofluidic devices are 

generally fabricated using photolithography and direct writing methods (e. g., e-beam lithography or 

focused ion beam milling) in series. However, the direct writing methods require high cost and long 

process time thus resulting in low throughput issue. PDMS (Polydimethylsiloxane) replication can 

overcome the low throughput issues. The PDMS replication method consists of a PDMS casting process 

on a pre-patterned mold and a subsequent curing processes. By this method, PDMS mixed-scale channel 

patterns can be replicated repeatedly, thus, total throughput of fabricated mixed-scale PDMS fluidic 

device is enhanced. However, the channel size is smaller, the more PDMS channels are collapsed due 

to the low Young’s modulus and hardness of PDMS.  

In this study, I developed the fabrication method of mixed-scale PMMA (Poly methyl 

methacrylate) fluidic device via simple thermal nanoimprint using a monolithic mixed-scale convex 

carbon mold (microchannel mold: width = ~ 50 m, height = ~ 5 m; nanochannel mold: width = ~ 600 

nm, height = ~ 60 nm). The monolithic carbon mold was fabricated using carbon-MEMS consisting of 

two step photolithography processes and one step pyrolysis. In pyrolysis, polymer structures shrank 

dramatically and thus microscale photoresist structures were converted into sub-micro- or nanoscale 

carbon structures. In nanoimprint process, the shape of the monolithic mixed-scale convex carbon mold 

was transferred into a PMMA sheet while the polymer sheet was heated. After demolding the carbon 

mold from the patterned PMMA sheet, the patterns were accurately transferred on the PMMA sheet 
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(microchannel: width = ~ 50 m, height = ~ 5 m; nanochannel: width = ~ 600 nm, height = ~ 60 nm). 

The pyrolyzed carbon mold could be easily demolded because of its curved side walls resulting from 

anisotropic volume reduction in pyrolysis. This special side wall geometry and good robustness of the 

carbon mold ensured reproducibility in nanoimprint. The mixed-scale channels were sealed by another 

thin PMMA sheet with low pressure and heat after oxygen plasma treatment. PMMA has higher Young’s 

modulus compared to PDMS (polydimethylsiloxane) so that the PMMA channels ensured consistent 

nanochannel fabrication and operation without channel collapse.  

The PMMA mixed-scale fluidic device was used to entrap single particles via diffusiophoresis. 

In the fluidic device, microchannels and nanochannels were smoothly connected via Kingfisher-beak-

shaped 3D microfunnels that were converted from polymer triangular prims via pyrolysis. By filling 

two microchannels that are connected via multiple nanochannels with high concentration solution and 

low concentration solution respectively and controlling pressure difference between two microchannels, 

local concentration gradients can occur near the 3D microfunnels at the microchannel with low 

concentration. The localized concentration gradients generate local electric fields resulting in 

diffusiophoresis; the motion of charged particles along the localized electric fields. In this experiment, 

1 μm-diameter charged single particles dispersed in the low concentrate solution were dragged from the 

microchannel into the 3D microfunnels via diffusiophoresis. Consequently, the unique 3D microfunnel 

worked as a chamber where single particle was entrapped; thus, single particles could be entrapped 

without external electric force in 3D microfunnels. The diffusiophoresis-based single particle 

entrapment experiment showed the potential of the mixed-scale channel networks as a single cell 

research tool. 
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Figure 1.1 Representative nanofluidic device applications. (a) Water desalination by ion concentration 

polarization [10], (b) transvers ionic current measurement via translocation of stretched 

DNA molecules [12], and (c) nanoelectroporation via precise gene/drug injection through 

nanochannel [18]. 

Figure 1.2 Diagram of conventional mixed-scale channel fabrication methods. Depending on the 

fabrication immediacy, fabrication methods are categorized into two types; direct channel 

engraving and replication. Direct channel engraving method consists of two different scale 

channel fabrication processes, sequentially. Replication is one step mixed-scale channel 

duplication process using a mixed-scale convex mold.  

Figure 1.3 Mixed-scale channel were fabricated on the glass substrate via direct engraving channel 

fabrication method. (a) Schematic of mixed-scale fluidic device with DNA stretching (left) 

and scanning electron microscope (SEM) image of nanochannels (right). Nanochannels 

were fabricated by e-beam lithography with etching [25]. (b) SEM images of mixed-scale 

channel patterns (left). The nanochannels were fabricated by focused ion beam milling 

process [30]. Microchannels were fabricated by photolithography with etching in (a) and (b). 

Figure 1.4 Mixed-scale channel fabrication by replication. (a) Schematic of PDMS channel fabrication 

(right) and SEM image of completed mixed-scale channel (left) [29]. (b) Schematic of 

nanoimprint fabrication (upper) and SEM images (bottom) of mixed-scale silicon mold for 

nanoimprint (left) and corresponding transferred nanochannel via nanoimprint (right) [38]. 

Figure 1.5 SEM images of carbon structure via pyrolysis. (a) Suspended carbon nanowire and carbon 

mesh structures [42]. (b) Pyrolyzed microchannel carbon mold (left) and corresponding 

glass microchannels transferred by hot embossing (right) [47]. (c) Mixed-scale pyrolyzed 

carbon mold with convex structure. SU-8 (upper) structures were converted to carbon 

structure (bottom). Vertical SU-8 side wall was changed into inclined carbon side wall [17].  

Figure 1.6 Via thermal nanoimprint process, mixed-scale channel was fabricated on the PMMA sheet. 

(a), (c) and (d) are referred from Wu et al. [47] and (b) are referred from Chantiwas et al. 

[49]. (a) SEM images of nanochannel master mold, replica mold and transferred 

nanochannel. (b) (i) Completed fluidic device. (ii) and (iii) are 3D AFM images of replica 

mold and transferred nanoslit patterns. (iv) SEM image of mixed-scale channel network. (c) 

Completed PMMA fluidic devices can be applied in (d) DNA stretching. 
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Figure 2.1 Schematic of a mixed-scale monolithic convex carbon mold fabrication. 

Figure 2.2 (a) Schematic of a mixed-scale channel replication via thermal nanoimprint using mixed-

scale carbon mold. 

Figure 3.1 Scanning electron microscope (SEM) images of (a, b) monolithic SU-8 structure and (c, d) 

monolithic mixed-scale convex carbon mold. (b) Two different scale polymer precursors are 

vertically connected via triangular polymer. This triangular polymer prism was converted 

into (d) Kingfisher-beak-shaped 3D carbon structure. The 3D carbon structure helped well 

aligned mixed-scale carbon structure without precise alignment process. 

Figure 3.2 SEM images of SU-8 structure and pyrolyzed carbon structure. (a, b) Vertical SU-8 

structures were converted into (c, d) Inclined carbon structures due to different pyrolysis 

rate between top and bottom, which resulted in Kingfisher-beak-shaped 3D carbon structure. 

Figure 3.3 Even after 40 times thermal nanoimprint process, mixed-scale carbon mold was not damaged. 

(a) SEM image of mixed-scale carbon mold structure and (b) magnified Kingfisher-beak-

shaped 3D carbon structure. The used mixed-scale carbon mold was not damage but there 

was a little contamination. 

Figure 3.4. Nanoindentation measurements of SU-8 structures and pyrolyzed carbon. (a) input force 

for measuring, (b) hardness of SU-8 and pyrolyzed carbon and (c) Young’s modulus of SU-

8 and pyrolyzed carbon. 

Figure 3.5 (a) SEM image of mixed-scale carbon mold and (b) magnified nanochannel carbon mold 

image. (c) Corresponding SEM images of PMMA mixed-channel networks transferred by 

thermal nanoimprint and (d) magnified nanochannel image. PMMA mixed-scale channels 

were accurately transferred from mixed-scale convex carbon mold. 

Figure 3.6 SEM images of (a) micro- and nanochannel mold with Kingfisher-beak-shaped 3D carbon 

structure and (b) corresponded PMMA micro- and nanochannel with Kingfisher-beak-

shaped 3D microfunnel. This 3D microfunnel connects microchannel and nanochannel 

smoothly via gradually reduced cross section. 

Figure 3.7 SEM images of (a) small-scale SU-8, (b) pyrolyzed nanochannel carbon mold, and (c) 

PMMA nanochannel pattern. 1 μm SU-8 small-scale precursor width was reduced to ~ 600 

nm in carbon and corresponded nanochannel width is almost 600 nm. The height or depth 

of (a) small-scale SU-8, (b) pyrolyzed nanochannel carbon mold, and (f) PMMA 

nanochannel were measured by atomic force microscope (AFM). 
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Figure 3.8 AFM measurement of cross section profile of smalls scale SU-8 structure, carbon 

nanochannel mold, and PMMA nanochannel. 420 nm-height SU-8 was decreased into ~ 60 

nm-height carbon structure and which was engraved 60 nm depth channels on the PMMA.  

Figure 3.9 (a) Completed mixed-scale fluidic device after oxygen plasma assisted thermal bonding 

comparing with a 25 cents coin. (b) Inverted microscope image of nanochannels filled with 

1mM FITC solution without channel collapse. (c) SEM image of corresponding 

nanochannels. (d) 2D and (e) 3D confocal microscope image of nanochannels with 3D 

microfunnels filled with 1mM FITC solution.  

Figure 4.1 Essential mechanism of electrolyte diffusiophoresis. The mechanism consists of two parallel 

additive phenomena: electrophoresis and chemiphoresis [53]. 

Figure 4.2 Colloidal particle movement in dead-end channel via diffusiophoreisis. (a) Enhanced 

transport into and out of dead-end pores from Kar et al. [52] and (b) size-dependent control 

of colloid transport from Shin et al. [51].   

Figure 4.3 Schematic of experiment method how to localize solute gradient region in 3D microfunnel 

and process of particle entrapment via localized electric field.  

Figure 4.4 Inverted microscope images of single particle entrapment in 3D microfunnel within 5 

minutes. (a) Single particle entrapment in narrow funnel with (b) corresponding enlarged 

image and (c) single particle entrapment in wide funnel with (d) corresponding enlarged 

image. 

Figure 4.5 Inverted microscope images of multiple particles entrapment. (a) In case of using 8 mM 

high concentrate NaCl solution, several particles are simultaneously attracted in 3D 

microfunnel. (b) In the same case in figure 4.4, some additional particles were dragged in 

3D microfunnel after 30 min single particle entrapment 

Figure 4.6 Inverted microscope images of particle entrapment in (a) 3D microfunnel, (b) no funnel, and 

(c) 2D and half microfunnel. Comparing with (a), there was no particle entrapment in (b) 

and (c), just the particles were attracted near nanochannels where solute gradient existed. 
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Introduction 

After describing conventional micro-/nanochannel fabrication methods,  

the necessity of novel fabrication method is suggested  

depending on the disadvantages of conventional methods. 
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1. Introduction 

1.1 Necessity of mixed-scale fluidic device 

After micro-/nanochannels were emerged in biological engineering, advanced bioanalysis 

applications can be possible because the micro-/nanofluidic devices have some advantages including 

low sample consuming, fast response time, and possibility of molecular scale analysis. Especially, the 

channel size is reduced to nanoscale, unique phenomena such as ion concentration polarization [1, 2], 

electrical double layer overlap [3], DNA stretching [4], ion rectification [5, 6], and particle filtration 

and separation [7, 8], and precise flux injection [9] can be shown in nanochannels which have never be 

seen in macro-/microscale fluidic channels. By making of use these unique phenomena, novel 

applications can be possible so inventive researches such as sea water desalination [10], enhancement 

of sensitivity for immune-sensor [11], DNA analysis [12 - 13], nanofluidic diode [14], biomolecule and 

particle separation [15 - 17], and nanoelectroporation [17 - 18] can be carried out in nanochannels. 

Recently, contrary to a nanofluidic device having nanoscale channels only, mixed-scale fluidic 

device has been introduced. Mixed-scale fluidic device consists of microchannel and nanochannel 

simultaneously in a single fluidic chip. Since these two different scale channels are connected smoothly, 

the mixed-scale channels form a single channel network. This mixed-scale fluidic device is generally 

recommended as a promising analysis tool in bioengineering because efficient mass transport of analyte 

particles or molecules could be possible from bulk reservoir to extremely small location via 

microchannel [15, 19 - 21]. The microchannel guides particles or molecules filled in reservoir to be 

flowed from bulk reservoir to nanochannels. This cooperation of the different scale channels enhances 

manipulation of moving of particles and molecules which improves molecule accessibility into targeted 
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nanochannel location. This result contributes the mixed-scale fluidic to be primarily used in various 

researches.  

The more demand of mixed-scale fluidic device is increased, easy and cost-effective fabrication 

methods of mixed-scale channel are required. Conventional fabrication methods are generally used 

however, those have their own limitation. Here, we discuss about the fundamental conventional 

fabrication methods and their limitation first. Next, we suggest the necessity of novel fabrication 

methods to overcome the limitations observed in conventional fabrication methods. 

Figure 1.1 Representative nanofluidic device applications. (a) Water desalination by ion concentration 

polarization [10], (b) transvers ionic current measurement via translocation of stretched DNA molecules 

[12], and (c) nanoelectroporation via precise gene/drug injection through nanochannel [18]. 

 

1.2 Conventional fabrication methods of mixed-scale fluidic device 

To fabricate mixed-scale fluidic device, standards MEMS (Micro electro mechanical systems) 

techniques have been used in micro-/nanochannel fabrication. Depending on the fabrication immediacy, 

these methods are categorized into two types; direct channel engraving and replication. Direct channel 

engraving method is an immediate channel inscribing method on the silicon wafer or glass substrate [22 

- 30]. Whereas, replication is channel pattern duplication method using a mixed-scale convex mold [31 
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- 40]. In this chapter, fundamental fabrication methods of direct channel engraving and replication are 

explained and their strengths and weaknesses are discussed. In conclusion, the necessity of novel 

method for efficient mixed-scale channel fabrication is suggested to achieve high resolution and high 

throughput channel fabrication. 

Figure 1.2 Diagram of conventional mixed-scale channel fabrication methods. Depending on the 

fabrication immediacy, fabrication methods are categorized into two types; direct channel engraving 

and replication. Direct channel engraving method consists of two different scale channel fabrication 

processes, sequentially. Replication is one step mixed-scale channel duplication process using a mixed-

scale convex mold.  

 

1.2.1 Direct channel engraving 

In the direct channel engraving method, the micro- and nanochannel patterns are sequentially 

carved on the substrate. In general, microchannel is fabricated by photolithography with etching process 

[22 - 25], while, nanochannel is fabricated by direct writing method including e-beam lithography [26 

- 27] and focused ion beam milling process [28 - 30].  

Photolithography is the most common method for patterning polymer structures. On the silicon 
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substrate, liquid-state photoresist polymer is spin-coated. Photoresist is UV reactive material so 

photoresist solubility can be changed through UV exposure. To make a polymer pattern, the spin-coated 

photoresist is exposed to UV through the photomask, then, UV exposed/non-exposed parts of 

photoresist are cured depending on the opened/non-opened photomask pattern because photomask is 

designed by transparent and opaque chrome region. After UV exposure process, the soluble parts of 

photoresist are removed while non-soluble polymers remain completing polymer structure. These 

patterned polymers cover specific substrate regions, whereas, other parts of substrate are non-covered. 

Then, the non-covered regions of substrate are etched by subsequent etching process such as wet etching 

or dry etching, lastly microchannel patterns are carved on the substrate. Because the photolithography 

is simple and well-established methods these were often used in microchannel fabrication. In addition, 

by changing photomask design and manipulating etching rate, various shapes and depth of channel 

control are also feasible. However, in terms of pattern resolution, the size of channel width can’t be 

reduced under 1 μm because UV is diffracted at the edge of the photomask pattern interrupting high 

resolution. This result restricts photolithography to be used in nanochannel fabrication. 

The limitation of resolution can be overcome by direct writing techniques including electron 

beam (e-beam) lithography (EBL) and focused ion beam (FIB) milling. Through the highly intensive 

e-beam or focused ion beam, nanoscale channels are directly written on the substrate due to the 

extremely small diameter of electron or focused ion beam. The different thing between two techniques, 

e-beam lithography is commonly used in polymer patterning so it needs subsequent etching process for 

concave nanochannel fabrication. After spin coating e-beam resist on the substrate, e-beam draws long 

and narrow line patterns on the e-beam resist. Then solubility of e-beam resist is changed and 
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nanochannel patterns are formed by open/covered e-beam resist parts. By subsequent etching process, 

open regions of substrate are engraved which are converted into concave nanochannels. Contrastively, 

focused ion beam can directly carve nanochannels, so, it doesn’t need resist layer and subsequent 

etching process.  

From those direct writing methods, nanochannels can be fabricated successfully, however, 

direct writing method is expensive, low throughput and time-consuming process. Therefore, it reduces 

total throughput of fluidic channels fabrication. In addition, in terms of sequential process, the precise 

alignment process of microchannel and nanochannel should be carried out for well-interconnected 

channel networks because two different scale channels are carved individually through two step 

processes. Therefore, one step channel network fabrication method with high throughput is required 

and this is solved by replication method.  

 

Figure 1.3 Mixed-scale channel were fabricated on the glass substrate via direct engraving channel 

fabrication method. (a) Schematic of mixed-scale fluidic device with DNA stretching (left) and scanning 

electron microscope (SEM) image of nanochannels (right). Nanochannels were fabricated by e-beam 

lithography with etching [25]. (b) SEM images of mixed-scale channel patterns (left). The nanochannels 

were fabricated by focused ion beam milling process [30]. Microchannels were fabricated by 

photolithography with etching in (a) and (b). 
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1.2.2 Replication 

Replication can overcome the limitations of the direct engraving methods in terms of process 

cost and time. Basically, replication is performed by duplication of engraved patterns from concave 

mold structures. Owing to the reusability of mold, plenty of same fluidic channels patterns can be 

transferred from one mold, repeatedly. This reproducibility results in high throughput fabrication which 

was not available in direct engraving methods. In addition, because the mold having both two different 

scale convex structures, mixed-scale channels are simultaneously transferred by only one step 

replications. Therefore, replication method is much more efficient than direct engraving method to 

produce fluidic channels and it is well-applied in the all-round fluidic device fabrication.  

PDMS (polydimethylsiloxane) channel replication via soft lithography is the most 

representative method in fluidic device fabrication [31 – 35]. After preparing a pre-patterned convex 

mold with mixed-scale structures, liquid-state PDMS is poured on the convex mold. The PDMS is 

generally mixed with curing agent at a ratio of 10 to 1, respectively. The liquid-state PDMS is cured 

into a solid mass at 75 ~ 80 °C temperature for 3 hours. Then, the cured and mixed-scale channel 

patterned PDMS is detached from the mold. After sealing the transferred PDMA channels with thin 

cover glass after oxygen plasma treatment, this completed PDMS chip is used as a fluidic device itself. 

Even though the simple fabrication process of PDMS fluidic device, PDMS is unsuitable material for 

nanofluidic chips because the channel size becomes to nanoscale, PDMS channels easily collapse due 

to the low hardness and Young’s modulus of PDMS specially during channel sealing process. To escape 

the channel collapse, relatively hard-PDMS layer should be added on the general PDMS mass surface, 
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but it is not a perfect resolution and it just supplements inconvenient fabrication process. In addition, 

PDMS curing time is at least 2 ~ 3 hours which is long process time.  

As another replication, the importance of nanoimprint has been risen because the materials 

used in nanoimprint replication can make up for the material weakness of PDMS. Comparing with 

PDMS replication, nanoimprint uses relatively hard materials such as UV-curable polymer or 

thermoplastic for fluidic device. These are more durable than PDMS, so even though the channel size 

is reduced up to nanoscale [36 - 40], these channels are not collapsed. And nanoimprint process need 

relatively short process time comparing with PDMS curing, therefore, it is more suitable for high 

productive fabrication method. Depending on the type of resists, nanoimprint methods are classified 

into two types; thermal nanoimprint and UV nanoimprint. Thermal nanoimprint uses thermoplastic and 

the other UV nanoimprint method uses UV-curable polymer.  

First, in thermal nanoimprint, originally solid state thermoplastic is changed into quasi-liquid 

state at high temperature above its glass transition temperature. Then, a convex monolithic mold is put 

on the thermoplastic surfaces and pressed down with high pressure to imprint concave mold structures. 

During imprinting, quasi-liquid state thermoplastic is deformed while filling the mold cavities - concave 

parts of the mold, then, opposite morphology of the mold is duplicated on the thermoplastic. After 

imprinting, the deformed thermoplastic is re-solidified with cooling under high compression and it can 

be detached from the mold. In this case, commercialized thermoplastic sheets are often used such as 

PMMA (polymethyl methacrylate) or PC(polycarbonate) because these materials are easy to buy at 

markets and easily deformable via thermal nanoimprint method. Whereas, in UV nanoimprint, a liquid 
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state UV-curable polymer is spin-coated on the substrate. Then, the mold is put on the polymer layer 

and pressed down to be filled with UV-curable polymer in mold cavities. Because the UV-curable 

polymer has low viscosity, it needs relatively low pressure comparing with thermal nanoimprint process. 

After filling mold cavities, UV light is exposed to liquid-state polymer layer to be changed into solid-

state. As the same method with thermal nanoimprint process, the mold and resist layer are detached 

after curing polymer and solidified polymer with channel patterns is sealed for completing fluidic device 

fabrication.  

The most critical issue in nanoimprint is it requires mechanical contact process with high 

pressure since the accuracy of transferred channel patterns is dependent on the how much mold cavities 

are clearly filled with the polymer resist. Therefore, it is depending on the pressure strength and polymer 

viscosity. However, in high pressure state, convex mold structure is easily damaged, specially, in case 

of nanostructures. In case of thermoplastic, its viscosity is reduced at high temperature, however, it is 

still quasi-liquid state. And the high temperature causes mold damage due to thermal expansion 

difference between mold and polymer which bothers demolding after cooling. To escape thermal and 

pressure damage, UV-curable polymer is used because it is liquid-state material, therefore, imprinting 

pressure and heating temperature is lower than thermal nanoimprint process. But UV-curable polymer 

certainly needs transparent mold or substrate for being exposed to UV which are fabricated by expensive 

materials and complicate manufacturing process. 
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Above those limitations, all replication methods still have convex mold fabrication problem to 

achieve one step mixed-scale channel replication because the convex nanostructure fabrication still 

needs inconvenient direct writing methods. As an alternative for mold fabrication, replica mold has been 

introduced. Replica mold is a duplicated convex polymer structure from engraved channel structure. 

After mixed-scale channel fabrication via direct engraving method, several replica molds can be 

replicated from the mixed-scale channel structure which is called master mold. Because plenty of replica 

molds can be fabricated from one master mold, the total throughput is increased. However, transferring 

accuracy of pattern is decreased due to two step replication process. This error is not significant in 

microchannels but for nanochannels [35, 37]. 

Figure 1.4 Mixed-scale channel fabrication by replication. (a) Schematic of PDMS channel fabrication 

(right) and SEM image of completed mixed-scale channel (left) [29]. (b) Schematic of nanoimprint 

fabrication (upper) and SEM images (bottom) of mixed-scale silicon mold for nanoimprint (left) and 

corresponding transferred nanochannel via nanoimprint (right) [38]. 

 

1.3 Novel fabrication method of mixed-scale fluidic device 

1.3.1 Carbon-MEMS 

As a versatile wafer-level microfabrication technology, carbon-MEMS (C-MEMS) technology 

has been utilized for fabricating convex micro- or mixed-scale carbon molds. The carbon-MEMS is 
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manufacturing technique of carbon structure. Carbon-MEMS process consists of two main fabrication 

steps. First step is building of polymer precursor and second step is converting the polymer precursor 

into carbon structures. Once polymer structures are established as precursors, the polymer precursors 

can be decomposed slowly at high temperature in no oxygen environment. This decomposition is called 

pyrolysis and the pyrolyzed polymers are converted into carbon structures with large volume shrinkage. 

Even the volume reduction is up to 90%, original frame of polymer precursor is not changed. Thus, 

owing to the carbon-MEMS, complex carbon structure can be easily fabricated via only polymer 

patterning process before pyrolysis without direct carbon shaving process.  

Representatively, photolithography and nanoimprint are generally used as polymer patterning 

techniques. For example, photoresist is commonly used as the polymer precursor material because 

photoresist can be patterned depending on photomask design and spin-coated photoresist thickness. 

This makes it possible not only for simple fabrication of complex and high aspect ratio convex carbon 

structures but also micro-/nanoscale carbon structure fabrication such as high-aspect-ratio cylinder 

arrays [41] nanoelectrode arrays [42] and suspended nanowires [43 - 44]. Those complex carbon 

structures are used as an electrode for various electrochemical sensors.  

Except for those conventional used places of carbon, the novel availability of the pyrolyzed 

carbon as a mold can be discussed. The potential of carbon mold was already demonstrated in previously 

published papers. Youn et al. demonstrated that glassy carbon is a good candidate for a mold material 

because it has favorable properties such as low surface energy, chemical stability, high hardness, high 

wear resistance, and gas impermeability [45 – 46]. Especially high durability of carbon material at high 

temperature facilitated efficient glass channel fabrication using hot embossing process repeatedly. But 
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the convex glassy carbon mold was fabricated by direct etching process on the glassy carbon substrate, 

so fabrication process was not simple. Whereas, Ju et al. introduced a convex pyrolyzed carbon mold 

which was converted from a furan-based thermal curable polymer precursor and this structure was 

patterned via soft-lithography [47]. This carbon mold consisted of convex microscale line structures. 

So, it engraved concave line patterns on the glass substrate at high temperature with high pressure. Even 

the glass imprinting process needed over 600 °C temperature, the glassy carbon mold could tolerate 

harsh glass channel imprinting process because the pyrolyzed carbon mold was formed at much higher 

temperature up to ~ 1000 °C. 

Recently, Lee et al. introduced a mixed-scale fluidic device fabrication using a pyrolyzed 

monolithic mixed-scale convex carbon mold [17]. This mold could be made by maximizing volume 

reduction during pyrolysis which was up to ~90%. From this method, convex carbon nanostructures 

(width ~ 720 nm, height ~ 32 nm) could be simply fabricated at a wafer level from microscale 

photoresist precursors (width ~ 1.1 μm, height ~ 210 nm) which were patterned using conventional 

photolithography without any complex and expensive nanofabrication technologies. In addition, to 

make a monolithic mixed-scale convex carbon mold, additional photoresist patterning process was 

added for microchannel mold structures. After small photoresist patterning (width ~ 1.1 μm, height ~ 

210 nm), large photoresist patterning (width ~ 100 μm, height ~ 25 μm) was be added, thus, the two-

different photoresist structure formed a monolithic polymer precursor and after pyrolysis, a monolithic 

mixed-scale mold fabrication was completed. Using the monolithic convex mold, mixed-scale PDMS 

channel networks was simply replicated and the replicated channel networks could be completed with 

a cover glasses via oxygen plasma assisted covalent bonding. Specific point of the mixed-scale carbon 
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mold was utilizing anisotropic volume reduction of polymers in pyrolysis. Because the polymer 

structure was adhered to the substrate, upper part of the polymer shrunk more than the bottom part, thus, 

vertical polymer side walls were converted into inclined carbon side walls. This inclined side walls 

contributed to efficient demolding with relatively low surface energy of the pyrolyzed carbon structures.  

As described in this chapter, it can be expected that the most critical issues of conventional 

channel fabrication method can be overcome by the mixed-scale monolithic convex mold composed of 

mechanically and chemically strong glassy carbon fabricated by carbon-MEMS technique. This mold 

satisfies crucial requirements for cost-effective mixed-scale mold fabrication through microfabrication 

methods only and alleviate difficult accurate alignment of two different scale channel patterns. It can 

also endure several harsh replication processes owing to the mechanical and chemical properties of 

carbon. Therefore, in this paper, carbon mold is used as a mixed-scale channel mold in thermal 

nanoimprint process and the superior availability is demonstrated in next chapter. 

 

Figure 1.5 SEM images of carbon structure via pyrolysis. (a) Suspended carbon nanowire and carbon 

mesh structures [42]. (b) Pyrolyzed microchannel carbon mold (left) and corresponding glass 

microchannels transferred by hot embossing (right) [47]. (c) Mixed-scale pyrolyzed carbon mold with 

convex structure. SU-8 (upper) structures were converted to carbon structure (bottom). Vertical SU-8 

side wall was changed into inclined carbon side wall [17].  
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1.3.2 Thermal nanoimprint 

In accordance with the reduced size of channel, productive replication with non-collapsed 

material is required to replace PDMS. In company with the requirement, properly corresponded 

fabrication method has been developed.  

Thermal nanoimprint is efficient way to alternate PDMS channels in terms of material 

properties. In comparing with PDMS, thermoplastic has relatively high Young’s modulus and hardness 

so thermoplastic channels are not to be easily collapsed even channel size is becoming smaller. 

Furthermore, nanoimprint is also included in replication so that it can keep the high productivity of 

fluidic channels fabrication. Besides, thermoplastic is easily heated and deformed, process time is also 

shorter than PDMS process. Above those advantages, thermal plastic is transparent, manageable, and 

easy to buy in common market so it is more practicable in biological analysis research. Several research 

teams already tried to fabricate thermoplastic fluidic devices. Also, those were successfully utilized in 

biological applications. [48 - 49]. 

In fact, UV nanoimprint method is more beneficial than thermal nanoimprint in terms of mold 

durability due to non-harsh imprinting conditions with low pressure and low temperature. Further, UV-

curable polymer is liquid state so it is profitable for exact duplication of channel patterns since liquid 

more easily fills mold cavities than viscoelastic state thermoplastic at high temperature. Despites of the 

advantages of UV nanoimprint, here, thermal nanoimprint method is recommended more than UV 

nanoimprint since UV nanoimprint has other limitations; UV nanoimprint must need transparent mold 

or transparent substrate. Because it is originally liquid-state so it should be spin-coated on the substrate. 



28 

 

And it is essential for UV-curable polymer to be solidified via being exposed to UV light. Therefore, 

transparent glass or quartz are used for mold and substrate, but these are expensive material and need 

difficult manufacturing process. On the other hand, thermoplastic is commercialized as a sheet form 

having various thickness from hundreds of micrometers to number of millimeters, so, it is more feasible 

to handle in imprinting process directly. Besides, thermoplastic is not expensive and easily deformed. 

If a mixed-scale convex mold is robust enough in thermal nanoimprinting process, thermoplastic is a 

good alternative to PDMS. 

In this research, mixed-scale pyrolyzed carbon mold is used to thermal nanoimprint process. 

During nanoimprint process, this mold transferred channel patterns more than 40 times on the PMMA 

sheets without mold damages. From this results, it is demonstrated that the limitations of mold in 

thermal nanoimprint can be overcome and this fabrication method will be able to replace the prevalent 

PDMA fluidic device replication method.  

Figure 1.6 Via thermal nanoimprint process, mixed-scale channel was fabricated on the PMMA sheet. 

(a), (c) and (d) are referred from Wu et al. [47] and (b) are referred from Chantiwas et al. [49]. (a) SEM 

images of nanochannel master mold, replica mold and transferred nanochannel. (b) (i) Completed 

fluidic device. (ii) and (iii) are 3D AFM images of replica mold and transferred nanoslit patterns. (iv) 

SEM image of mixed-scale channel network. (c) Completed PMMA fluidic devices can be applied in 

(d) DNA stretching. 
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1.4 Thesis outline 

Here, we present a novel fabrication method of mixed-scale channel networks based on a single 

nanoimprint process to replicate mixed-scale channel networks on a PMMA sheet using a convex 

mixed-scale carbon mold. The convex mixed-scale carbon mold is fabricated using only a batch 

microfabrication method, that is carbon-MEMS. After sealing the replicated mixed-scale PMMA 

channels with a thin PMMA sheet via oxygen plasma assisted thermal bonding, mixed-scale fluidic 

device can be completed. This fluidic device is applied in single particle entrapment experiment. A 

single particle is dragged smoothly into and entrapped in a Kingfisher-beak-shaped 3D microfunnel via 

diffusiophoresis where localized solute gradient exists. This result demonstrates a structural usefulness 

of 3D microfunnels for localizing solute gradient and a validity of diffusiophoresis as a principle of 

single cell entrapment. 
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2 

Fabrication 

To achieve thermoplastic mixed-scale channel fabrication,  

pyrolyzed carbon mold, thermal nanoimprint and 

oxygen plasma assisted bonding methods are explained.  
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2. Fabrication 

2.1 Overview of mixed-scale fluidic device fabrication 

In this research, micro- and nano- mixed-scale fluidic device is fabricated via two step processes; 

mold fabrication and channel replication. To accomplish simple one step replication, a mold should 

contain micro- and nano- mixed-scale monolithic convex structures. Carbon-MEMS technique 

facilitates the combined-scale structure fabrication using only cost-effective microfabrication methods. 

After mold fabrication, the monolithic carbon mold is used in channel replication via thermal 

nanoimprint process on the PMMA surfaces several times. The engraved channels are clearly sealed 

with thin PMMA sheet via oxygen plasma assisted thermal bonding process. This completed fluidic 

device has hydrophilicity surface and is applied in single particle entrapment experiment using 

diffusiophoresis. 

  

2.2 A monolithic mixed-scale convex carbon mold fabrication – Carbon MEMS 

A mixed-scale monolithic convex carbon mold is fabricated via two step photolithography and 

batch pyrolysis process. UV exposure is conducted by mask aligner (MA-6, Suss Microtech.) in UCRF.  

First, SU-8 2000.5 photoresist is spin-coated on the 6-in silicon wafer in three steps (500 rpm 5 s, 

3000 rpm 30 s, 500 rpm 3 s), then, 400 nm-thick SU-8 layer is coated on the Si wafer. This coated wafer 

undergoes soft baking process on the hot plate at 98 °C for 1 min and 30 seconds. After cooling the 

wafer until room temperature, this SU-8 wafer is firstly exposed to UV light with 40 mJ/cm2 intensity 
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with vacuum contact through nanochannel photomask. The first UV exposure is for building 1 μm-

width and 420 nm-thick small-scale polymer line patterns. Then, the exposed wafer is undergone post 

exposure baking process at 98 °C for 45 seconds. After cooling the wafer until room temperature again, 

which is developed in SU-8 developer for 1 min. By rinsing the developed wafer by acetone, isopropyl 

alcohol, and DI water and dry by N2 gun, small-scale polymer precursor fabrication is finished. Second 

photolithography is for building large-scale polymer precursor. Before to start second photolithography, 

the small-scale SU-8 patterned wafer should be clearly dried. And then SU-8 2025 photoresist can be 

spin-coated on the Si wafer (500 rpm 5 s, 3000 rpm 30 s, 4000 rpm 5 s, 500 rpm 5 s). After spin-coating, 

the SU-8 2025 is layered on the wafer with 25 μm thickness and is put on the hot plate at 98 °C for 4 

min for soft baking. After cooling the wafer under room temperature, this photoresist layer is exposed 

to UV light with 150 mJ/cm2 intensity in hard contact through microchannel photomask. Then, the 

exposed wafer is put hot plate again to post exposure baking process at 98 °C for 5 mins. If the wafer 

is cool down enough, it can be also developed in SU-8 developer. Then, the patterned large-scale SU-8 

precursor having 100 μm-width and 25 μm-thick lines and triangular prism are added resulting in a 

monolithic polymer precursor structure. 
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This monolithic SU-8 structure should pass through pyrolysis process in the tube furnace at a high 

vacuum condition. The internal pressure is stable under 10-3 torr and the temperature of furnace is 

increased up to 900°C with 1°C increasing /1 min. Then, the SU-8 structure starts to be pyrolyzed and 

converted into monolithic convex carbon mold with mixed-scale mold structures. This mixed-scale 

carbon mold is composed of ~ 600 nm-width and ~ 60 nm-height nanochannel mold and ~ 50 μm-width 

and 5 ~ 6 μm-height microchannel mold with Kingfisher-beak-shaped 3D structure. After pyrolysis and 

cooling down tube furnace, the mold is un-loaded. The all steps of mold fabrication are described in 

figure 2.1.  

Figure 2.1 Schematic of a mixed-scale monolithic convex carbon mold fabrication. 

 

2.3 One step mixed-scale channel replication and sealing  

– Thermal nanoimprint and oxygen plasma assisted thermal bonding 

Using the mixed-scale convex carbon mold, channel patterns are transferred on the PMMA sheet 
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via one step thermal nanoimprinting. The thermal nanoimprint machine is order-made facility. This 

machine contains main chamber with 4-in main chuck, quartz roof, load cell and heater. And the internal 

pressure of main chamber can be manipulated by oil pump so the pressure gauge can be reduced under 

10-2 torr. Heater is set under main chuck so it heats bottom surface. By air pressure, main chuck is 

moved up, then, quartz roof and main chuck are contacted and pressed. This pressure gauge is measure 

by load cell set under main chuck which is increased up to 250 kg. 

First, bare silicon wafer is put on the main chuck and carbon mold is put on the bare silicon wafer. 

Then, 3 mm-thick and 5 cm-width × 5 cm-length PMMA sheet is put on the carbon mold. And wait 

the main chuck is heated until 130 °C for 5 min. Because the heater is placed under chuck, the 

temperature is increased from bottom PMMA sheet to top PMMA surface. During heating, the main 

chamber pressure is decreased under 5 × 10-2 torr. When the vacuum gauge and chuck temperature 

are stable, the chuck is pressed up to quartz roof so both main chuck and quartz roof press the carbon 

mold and PMMA sheet simultaneously with 2 ~ 3 MPa pressure. At this condition, wait for 10 min to 

replicate patterns. Then, clearly mixed-scale channel networks are transferred on the PMMA sheet. The 

transferred microchannel has ~ 50 μm-width and ~ 5 ~ 6 μm-depth, and nanochannel has ~ 600 nm-

width and ~ 60 nm-depth. Kingfisher-beak-shaped 3D structure engraves 3D microfunnel at the same 

time. The patterned PMMA sheet is cut into 1.5 cm-width and 1.8 cm-long individual chips with 4-mm 

diameter cut circle reservoirs using laser cutter (PLS 6.75, Sejoong, Korea). 
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The piece of patterned PMMA piece is sealed with a 175 μm-thick PMMA sheet by oxygen plasma 

treatment assisted thermal bonding under glass transition temperature. Oxygen plasma treatment is 

conducted in COVANCE (Femtoscience, Korea) equipment in 80W for 1 min with 15 sccm oxygen 

gas injection. Owing to the oxygen plasma treatment, hydrophobic PMMA surface is changed into 

hydrophilic state. Then, these two PMMA sheets are put inside thermal nanoimprint chamber again, 

and pressed with 0.2 MPa at 75 °C for 4 min to be bonded. Conclusively, a mixed-scale fluidic device 

is completed with leakage-free, no channel collapsed and hydrophilic surface. 

Figure 2.2 (a) Schematic of a mixed-scale channel replication via thermal nanoimprint using mixed-

scale carbon mold. 
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3 

Results 

In this chapter,  

the fabricated carbon mold, engraved PMMA channels and  

sealed PMMA fluidic device are shown. 
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3. Results 

2.3 Characterization of carbon mold 

2.3.1 Pyrolyzed carbon morphology 

A monolithic SU-8 structure was converted into mixed-scale convex carbon mold (Fig. 3.1). Owing 

to the two step photolithography processes, two different scale polymers formed a monolithic SU-8 

structure (Fig. 3.1 (a), (b)). After pyrolysis, the monolithic SU-8 was converted into monolithic carbon 

structure (Fig. 3.1 (c), (d)). Since pyrolyzed carbon morphology was originated from a monolithic SU-

8 structure, it also had a monolithic convex structure (Fig. 3.1. (c), (d)). Originally, the large-scale 

convex SU-8 had 100 μm-width and 25 μm-height structure. And it was reduced 50 μm-width and 5 ~ 

6 μm-height carbon structure. Those images were taken by scanning electron microscope (S-4800, 

Hitachi high-technologies, Japan). 

SU-8 structure had originally vertical side wall (Fig. 3.2 (a), (b)). After pyrolysis, carbon side wall 

was changed into inclined (Fig. 3.2 (c), (d)) form. The profile change of wall resulted from anisotropic 

pyrolysis of SU-8 structure because the bottom of SU-8 was on the Si substrate and adhered strongly, 

while top surface of SU-8 was opened to outside. Therefore, the pyrolysis rate of SU-8 was different 

between top and bottom so top surfaces of SU-8 were more pyrolyzed than bottom surface. This 

tendency helped SU-8 triangular polymer prism to be changed into Kingfisher-beak-shaped 3D carbon 

structure placed between micro- and nanostructure vertically (Fig. 3.1 (b), (d)). The Kingfisher-beak-

shaped 3D carbon structure assisted to align microscale carbon and nanoscale carbon structure without 
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precise alignment process. This 3D carbon structure engraved 3D microfunnel on the PMMA sheet 

which is applied to single particle entrapment as a chamber where solute gradient exists. 

Figure 3.1 Scanning electron microscope (SEM) images of (a, b) monolithic SU-8 structure and (c, d) 

monolithic mixed-scale convex carbon mold. (b) Two different scale polymer precursors are vertically 

connected via triangular polymer. This triangular polymer prism was converted into (d) Kingfisher-

beak-shaped 3D carbon structure. The 3D carbon structure helped well aligned mixed-scale carbon 

structure without precise alignment process.  

 

Figure 3.2 SEM images of SU-8 structure and pyrolyzed carbon structure. (a, b) Vertical SU-8 

structures were converted into (c, d) Inclined carbon structures due to different pyrolysis rate between 

top and bottom, which resulted in Kingfisher-beak-shaped 3D carbon structure. 
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2.3.2 Durability and reusability of carbon mold 

To demonstrate the reusability of carbon mold, several times of thermal nanoimprint processes for 

channel replication were carried out. We used the same carbon mold in 40 times thermal nanoimprint 

process. The nanoimprint process was conducted at 130 °C temperature with 3MPa pressure for 10 min. 

After 40 times nanoimprint, the morphology of carbon was checked by SEM images. In figure 3.3, the 

used mixed-scale carbon mold was not damage but there was a little contamination (Fig. 3.3 (b)). This 

results is more efficient than replica molds which is reused about a dozen.  

To analyze mechanical properties of carbon mold, Young’s modulus and hardness of SU-8 

structure and pyrolyzed carbon were measured by nanoindentation. As shown in figure 3.4, Young’s 

modulus and hardness of SU-8 were dramatically increased about 5 times and 10 times, each. Even if 

the measured value was much lower than silicon (Table 3.1), it is larger than PUA (polyurethane 

acrylate) which is a common material of replica mold. And the pyrolyzed carbon has both a little 

flexibility and hardness, carbon mold can endure harsh imprinting and be flexibly demolded. Therefore, 

it can be suggested as a promising mold.  

Figure 3.3 Even after 40 times thermal nanoimprint process, mixed-scale carbon mold was not damaged. 

(a) SEM image of mixed-scale carbon mold structure and (b) magnified Kingfisher-beak-shaped 3D 

carbon structure. The used mixed-scale carbon mold was not damage but there was a little 

contamination. 
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Figure 3.4. Nanoindentation measurements of SU-8 structures and pyrolyzed carbon. (a) input force 

for measuring, (b) hardness of SU-8 and pyrolyzed carbon and (c) Young’s modulus of SU-8 and 

pyrolyzed carbon. 

 

Table 3.1. Nanoindentation measurements of SU-8 structures and pyrolyzed carbon. After pyrolysis, 

Young’s modulus and hardness were dramatically increased. Comparing with silicon, Young’s modulus 

and hardness is small, but it is larger than PUA (polyurethane acrylate) which is used as a replica mold. 

 

3.2 Characterization of PMMA (polymethyl methacrylate) channels 

3.2.1 Transferred micro-/nanochannel morphology 

  After thermal nanoimprint, mixed-scale channel networks were successfully transferred on the 

PMMA sheet. The PMMA channel patterns can be seen in figure. 3.5 comparing with carbon mold. The 

convex mixed-scale carbon mold with 3D Kingfisher-beak-shaped 3D carbon structure is seen in figure 

3.5 (a) and transferred concave PMMA channel network is seen in figure 3.5 (b). As shown in the figure, 

the mixed-scale patterns were accurately transferred on the PMMA sheet. In figure 3.6 (a), Kingfisher-

 
SU-8 

(measurement) 

Carbon 

(measurement) 

Silicon 

(reference - wiki) 

PUA 

(reference-

journal) 

Young’s 

modulus(GPa) 
5.5 ± 0.1 28.8 ± 0.4 130 - 188 2.7 

Hardness 

(GPa) 
0.35 ± 0.01 3.67 ± 0.07 10.2 0.15 
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beak-shaped 3D carbon structure connected microchannel mold to nanochannel mold vertically. This 

3D carbon structure was transferred on the PMMA resulting in Kingfisher-beak-shaped 3D microfunnel 

(Fig. 3.6 (b)). Through the 3D microfunnel, the deep and large horizontal microchannel was connected 

to nanochannel vertically and smoothly because the cross section of 3D microfunnel is gradually 

reduced to nanochannel size. 

Figure 3.5 (a) SEM image of mixed-scale carbon mold and (b) magnified nanochannel carbon mold 

image. (c) Corresponding SEM images of PMMA mixed-channel networks transferred by thermal 

nanoimprint and (d) magnified nanochannel image. PMMA mixed-scale channels were accurately 

transferred from mixed-scale convex carbon mold.  

Figure 3.6 SEM images of (a) micro- and nanochannel mold with Kingfisher-beak-shaped 3D carbon 

structure and (b) corresponded PMMA micro- and nanochannel with Kingfisher-beak-shaped 3D 

microfunnel. This 3D microfunnel connects microchannel and nanochannel smoothly via gradually 

reduced cross section. 
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3.2.2 Characterization of nanochannel fabrication 

The morphology change of small-scale SU-8 into carbon nanochannel mold and transferred 

PMMA channel pattern are shown in figure 3.6. Figure 3.7 (a) – (c) are SEM images and figure 3.7 (d) 

– (f) are AFM (atomic force microscopy) images. Figure 3.8 shows profile of cross section of small-

scale SU-8, carbon nanochannel mold, and transferred PMMA nanochannels measured by AFM. The 

reduction of width and change of vertical side wall can be seen. After nanoimprint process, nanochannel 

pattern was engraved on the PMMA surface and width of nanochannel was similar with carbon 

nanochannel mold width. 

The actual decrease of width and height is shown in figure 3.7 and 3.8. After pyrolysis, 1 μm-width 

and 420 nm-height SU-8 structure was changed into 1 μm (bottom)/ 600 nm (top)-width and 60 nm-

height shrunk carbon mold. The total shrinkage was ~ 85 % in height. After nanoimprint, nanochannel 

transferred accurately comparing with carbon mold. The width and depth of nanochannel was almost 

600 nm and ~ 60 nm, respectively. Totally, the size of the large and small-scale SU-8 structure, shrunk 

micro and nano carbon structure, and transferred PMMA micro and nanochannel pattern are described 

in table 3.2.  

Table 3.2. The measured value of SU-8, carbon, and PMMA in width and height/depth. 

 SU-8 Carbon mold PMMA channel 

Nanoscale 
Width 1 μm 

1 μm (bottom) 

~ 600 nm (top) 
600 nm 

Height / Depth  420 nm 63 - 67 nm 60 - 65 nm 

Microscale 
Width 100 μm 

100 μm (bottom) 

~ 50 μm (top) 
~ 50 μm 

Height / Depth  25 μm 5 ~ 6 μm 5~ 6 μm 
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Figure 3.7 SEM images of (a) small-scale SU-8, (b) pyrolyzed nanochannel carbon mold, and (c) 

PMMA nanochannel pattern. 1 μm SU-8 small-scale precursor width was reduced to ~ 600 nm in carbon 

and corresponded nanochannel width is almost 600 nm. The height or depth of (a) small-scale SU-8, (b) 

pyrolyzed nanochannel carbon mold, and (f) PMMA nanochannel were measured by atomic force 

microscope (AFM). 

Figure 3.8 AFM measurement of cross section profile of smalls scale SU-8 structure, carbon 

nanochannel mold, and PMMA nanochannel. 420 nm-height SU-8 was decreased into ~ 60 nm-height 

carbon structure and which was engraved 60 nm depth channels on the PMMA.  

 

3.2.3 Sealing test of mixed-scale channel networks  

After oxygen plasma treatment, channel transferred PMMA sheet and a 175 μm-thick PMMA 

sheet were bonded at 75 °C with 0.2 MPa pressure. The completed PMMA fluidic device filled with 

green colored solution (Fig. 3.9 (a)). To check the channel sealing completeness, 1 mM FITC solution 
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(Fluorescein sodium salt (Sigma Aldrich, Korea) dissolved in DI water) was filled in the PMMA mixed-

scale channels (Fig. 3.9 (b) - (e)) and took images by inverted microscope and SEM. Since the channel 

maintained hydrophilicity after thermal bonding, solution flowed inside PMMA channel naturally. From 

figure 3.9 (b), it was demonstrated that nanochannels were clearly sealed and there was not channel 

collapse or channel leakage comparing with the corresponding SEM image of nanochannel (Fig. 3.9 

(c)). Figure 3.9 (d) and (e) show mixed-scale channels were well connected via 3D microfunnels. Those 

images were taken by confocal inverted microscope in UOBC (Multi-photon confocal microscopy, 

LSM 780 configuration 16 NLO, Carl Zeiss). 

Figure 3.9 (a) Completed mixed-scale fluidic device after oxygen plasma assisted thermal bonding 

comparing with a 25 cents coin. (b) Inverted microscope image of nanochannels filled with 1mM FITC 

solution without channel collapse. (c) SEM image of corresponding nanochannels. (d) 2D and (e) 3D 

confocal microscope image of nanochannels with 3D microfunnels filled with 1mM FITC solution.  
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4 

Application 

 The completed mixed-scale fluidic device is used 

to single particle entrapment  

via diffusiophoresis. 
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4. Application of single particle entrapment in Kingfisher-beak-shaped 3D 

microfunnels via diffusiohoresis 

 

4.1 Necessity 

Generally, biomolecule study is necessary for biomedical research, for which, micro/nanofluidics 

or mixed-scale fluidic device is generally used as a bioanalysis tool which are called lab on a chip. 

Before analyzing biomolecules, analyzed samples such as DNA or cells are delivered in specific 

location where samples are placed and confined. However, the small biomolecule delivery is difficult, 

so those materials were dragged by electrical force in previous researches since those generally have 

electrical charge. Representatively, DNA molecule having negative charge is drawn via electric fields 

so DNA can pass through narrow nanochannel in being uncoiled which makes DNA sequencing. 

However, electric field is limitedly utilized in molecules manipulation having electrical charge only and 

it is imposed in wide range reservoir and channels so many particles are moved all together not 

individually. In addition, weakly charged or un-charged particles need strong electric fields or other 

methods. 

Recently, individual particle delivery has been required for single cell study. In this case, the cells 

are delivered individually in a micro chamber for being confined to be analyzed. By injecting drugs or 

gens through nanochannel to the single cell, the response of single cell can be observed. This method is 

called nanoelectroporation and have been paid attention since it has high cell viability and effective 

controllability of injection of drugs or gene. But the problem is how to deliver individual cell in a single 

chamber separately. To achieve it, novel single cell driving force need to be suggested with structurally 
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appropriate single cell chamber. 

In previous research, Kingfisher-beak-shaped 3D microfunnel was successfully utilized as a single 

particle chamber and the particles were dragged by electrical force one by one. Even though the 

effectiveness of the unique 3D microfunnel structure was demonstrated, too much strong electric field 

and result of randomly trapped particles should be replenished. The strong electric field tightly 

entrapped particles which may lead to cell damage in real bioengineering research and result of random 

entrapment means low efficiency of the manipulation method. Here, we try to use Kingfisher-beak-

shaped 3D microfunnel structure for single particle entrapment via diffusiophoresis method. From this 

research, the usefulness of Kingfisher-beak-shaped 3D microfunnel in terms of diffusiophoresis and 

single particle chamber can be demonstrated. In addition, we suggest the diffusiophoresis as a novel 

and effective particle delivery method for various single cell studies. 

 

4.2  Diffusiophoresis 

In concentration gradient of solute existing region, colloidal particles are driven without any 

external forces. This phenomenon is called diffusiophoresis and it leads spontaneous particles 

movement because the chemical energy is changed into the mechanical energy [50 – 52]. So, it is 

generally used in a migration of colloidal particles dispersed in solution. The mechanical energy consists 

of two kinds of driving force; electrophoresis and chemiphoresis.  

First, electrophoresis of a particle is caused by spontaneously formed electric field in a solute 

concentration gradient region. The difference of diffusion coefficient between anions and cations 
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develops local electric field, some particles having zeta potential are easily attracted due to the electric 

field (E). 

E =  
𝑘𝑇

𝑍𝑒

𝐷+ − 𝐷−

𝐷+ + 𝐷−

∇𝑛

𝑛
   [52] 

Here, k is Boltzmann’s constant, T is temperature, e is proton charge, Z is the valence of a 

symmetric Z:Z electrolyte, n is the local salt concentration, and 𝐷+  and 𝐷−  are the diffusion 

coefficients of the cation and the anion, respectively. The magnitude of this electric field depends on 

the difference of diffusion coefficients of the ions and the length over which the gradient is set up. 

Second, chemiphoresis of a particle is caused by osmotic pressure gradient within a narrow interaction 

region above the particle surface. Because of the pressure gradient within particle surface, opposite 

propulsion is emerged so particles can be moved. These two types of forces are summarized in particles, 

which conclude particle moving direction, velocity, and movement tendency. However, for 

completeness, chemiphoresis effect can be ignored since the chemiphoresis less influences to transport 

rates [52]. 

Figure 4.1 Essential mechanism of electrolyte diffusiophoresis. The mechanism consists of two parallel 

additive phenomena: electrophoresis and chemiphoresis [53]. 



49 

 

As one of advanced application of diffusiophoresis, we used this phenomenon as a driving 

force for single particle entrapment. In fact, diffusiophoresis was only used in particle colloids because 

it is difficult to localize solute gradient region in specific location. In this paper, we utilize the unique 

structure of Kingfisher-beak-shaped 3D microfunnel structure for localizing solute gradient. By this 

way, single particles are entrapped in the 3D microfunnel, one by one. This is the first time to show the 

possibility of diffusiophoresis as a single particle entrapment driving source.  

 

 

Figure 4.2 Colloidal particle movement in dead-end channel via diffusiophoreisis. (a) Enhanced 

transport into and out of dead-end pores from Kar et al. [52] and (b) size-dependent control of colloid 

transport from Shin et al. [51].   
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4.3  Experiment 

As described in figure 4.3, we can localize solute gradient region in Kingfisher-beak-shaped 3D 

microfunnels clearly fabricated by mixed-scale carbon mold and nanoimprint process.  

First, filled 2 mM NaCl solution in bottom microchannel through two bottom reservoirs. And 0.02 

mM NaCl solution with 1 μm-diameter polycarboxylate microparticles (Polyscience Inc.) dispersed (1 

wt%) was filled in top and left side of reservoir. Then, 0.02 mM NaCl with 1 μm-diameter 

polycarboxylate microparticles were flowing from left to right through microchannel. By filling 0.02 

mM NaCl solution without particles in top and right side reservoir, controlled particle flowing speed. 

The difference of hydraulic pressure between top and bottom microchannels, 2 mM NaCl solution were 

flowing from microchannels to 3D microfunnels through nanochannels. And 0.02 mM NaCl solution 

were flowing continuously through microchannels so the edge of microfunnels were consistently 

washed by low concentrate solution, therefore, in 3D microfunnels, consistent solute gradient region 

could be fabricated. This consequently resulted in spontaneous electric field via diffusion coefficient 

difference of Na and Cl and attracted single particle into 3D microfunnel, one by one. 

Figure 4.3 Schematic of experiment method how to localize solute gradient region in 3D microfunnel 

and process of particle entrapment via localized electric field.  
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4.4  Results 

As demonstrated in figure 4.4, single particles were successfully entrapped in 3D microfunnel 

within 5 minutes. This experiment is high reproducible and has good possibility of success. From this 

result, diffusiophoresis can be suggested to be utilized not only for colloid particle movement but also 

single particle entrapment for single cell study. 

When 8 mM NaCl solution was used instead of 2 mM NaCl solution, plenty of particles were 

dragged in 3D microfunnels simultaneously (Fig. 4.5 (a)). Because the spontaneous diffusiophoresis 

effect was too strong so many particles were affected at the same time. The similar result of several 

particle entrapment phenomenon could be seen in the first experiment case after 30min (Fig. 4.5 (b)). 

After single particles were entrapped, other additional particles were entrapped in 3D microfunnel 

where one particle had been trapped (Fig. 4.5 (b)). This was because particle couldn’t block inlet of 3D 

microfunnel connected to nanochannel certainly, therefore, there remains solute gradient which cause 

diffusiophoresis. For trapping single particle only, NaCl concentration should be optimized to control 

strength of driving force.  

Depending on the presence of 3D microfunnel, particle entrapment efficiency could be changed 

described in figure 4.6. If there was not 3D microfunnel, microchannels and nanochannel were 

connected directly (Fig. 4.6 (b)). In this case, a lot of particles were just attracted near nanochannels but 

not to be stick to specific points. Similarly, in case of figure 4.6 (c), 2 and half microfunnel structures 

were placed between microchannels and nanochannels. But particles were just attracted near 

nanochannels. 



52 

 

As a result, it was demonstrated that Kingfisher-beak-shaped 3D microfunnels is effective structure 

as a chamber and beneficial structure for localizing solute gradient region. This result can be compared 

with 2 and half microfunnel and no funnel structure where no single particle was entrapped and the 

particles were just attracted near diffusiophoresis affected region. So, the attracted particles were not 

confined and flowed with low concentrate solution flowing in microchannel.  

Figure 4.4 Inverted microscope images of single particle entrapment in 3D microfunnel within 5 

minutes. (a) Single particle entrapment in narrow funnel with (b) corresponding enlarged image and (c) 

single particle entrapment in wide funnel with (d) corresponding enlarged image. 
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Figure 4.5 Inverted microscope images of multiple particles entrapment. (a) In case of using 8 mM 

high concentrate NaCl solution, several particles are simultaneously attracted in 3D microfunnel. (b) In 

the same case in figure 4.4, some additional particles were dragged in 3D microfunnel after 30 min 

single particle entrapment. 

 

Figure 4.6 Inverted microscope images of particle entrapment in (a) 3D microfunnel, (b) no funnel, and 

(c) 2D and half microfunnel. Comparing with (a), there was no particle entrapment in (b) and (c), just 

the particles were attracted near nanochannels where solute gradient existed.  
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5 

Conclusion 

In this chapter, the conclusion of this thesis is stated. 
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5. Conclusion 

In this research, the fabrication of mixed-scale PMMA fluidic device was developed via thermal 

nanoimprint using a monolithic mixed-scale convex carbon mold. Using carbon-MEMS technique, a 

monolithic convex mixed-scale carbon structure was fabricated by two step photolithography and a 

pyrolysis processes. Owing to the large volume reduction during pyrolysis, the microscale photoresist 

polymer structure (large-scale polymer: 25 µm-height and 100 µm-width, small-scale polymer: 420 nm-

height and 1 µm-width) could be changed into carbon structure at the sub-micro/nanoscale (microscale 

carbon: 5 µm-height and 50 µm- width, nanoscale carbon: 60 nm-height and 600 nm-width) without 

using nanofabrication methods such as e-beam lithography and focused ion beam milling. The 

pyrolyzed carbon had high Young’s modulus and hardness (Young’s modulus: 28 GPa, hardness: 3.67 

GPa) so that it could transfer channel patterns on PMMA sheets. more than 40 times. PMMA has 

relatively high Young’s modulus and hardness comparing to PDMS and thus collapse-free nanochannel 

fabrication was enabled. This novel fabrication process overcomes the disadvantages of pre-existing 

nanofabrication methods such as low throughput, complexity, high cost, and nanochannel collapse issue.  

This PMMA mixed-scale fluidic device enabled single particle entrapment using diffusiophoresis at 

Kingfisher-beak-shaped 3D microfunnels because of their characteristic 3D architecture. This result 

showed the applicability of the PMMA mixed-scale fluidic device with 3D microfunnel for the wide 

range of research areas such as single cell study and nanoelectroporation.
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