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walled carbon nanotubes through dip-coating 
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Abstract 

We present a simple and scalable fluidic-assembly approach, in which bundles of single-walled carbon nano-

tubes (SWCNTs) are selectively aligned and deposited by directionally controlled dip-coating and solvent evapo-

ration processes. The patterned surface with alternating regions of hydrophobic polydimethyl siloxane (PDMS) 

(height ~ 100 nm) strips and hydrophilic SiO2 substrate was withdrawn vertically at a constant speed (~3 mm/min) 

from a solution bath containing SWCNTs (~0.1 mg/ml), allowing for directional evaporation and subsequent selective 

deposition of nanotube bundles along the edges of horizontally aligned PDMS strips. In addition, the fluidic assembly 

was applied to fabricate a field effect transistor (FET) with highly oriented SWCNTs, which demonstrate significantly 

higher current density as well as high turn-off ratio (T/O ratio ~ 100) as compared to that with randomly distributed 

carbon nanotube bundles (T/O ratio ~ <10).
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Background

Controlled positioning of nanomaterials (e.g., nanotubes, 

nanowires, and nanoparticles) is an essential process for 

advances in nanoelectrical devices and photonic system 

[1–4]. In particular, selective and addressable deposition 

of SWCNTs is important for high-performance CNT 

based-electronic devices such as light-emitting diode, 

flexible display, conductive film, and transistor [5–10]. 

�erefore, extensive efforts have been made towards inte-

gration of individual SWCNTs into microscale devices 

with particular emphasis on efficiency and scalability. 

Several methods have been proposed to align SWCNTs, 

networks, or films using various principles including 

solution/flow based patterning [11–15], and patterned 

catalytic growth [16, 17]. �ere still remain, however, 

substantial challenges that need to be overcome in order 

to achieve a large-area assembly in a simple, cost-effec-

tive, and reproducible manner.

A typical bottom-up approach can be found in chemi-

cal vapor deposition (CVD) process, in which CNTs are 

grown on specific locations with the aid of local heat-

ing or catalytic activation [18, 19]. Although the CVD 

process allows for a precise assembly of nanomaterials 

for CNT-based electronic or flexible devices in a geom-

etry-controllable fashion, such bottom-up approach is 

inherently facing challenges such as low density, high 

thermal budget, and high costs. Alternatively, a solution-

based top-down approach has been introduced for scal-

able SWCNTs-based integrated device, which exploits 

site-selective attachment of SWCNTs onto patterned 

self-assembled monolayers (SAMs) formed via micro-

contact printing or dip-pen nanolithography [20–23]. 

�e technique offers a high-throughput, low-expertise 

route to assembling SWCNTs without an external stim-

ulus (e.g., electric field or local heating). Nonetheless, 

it is difficult or slow to attain uniform SAM patterns at 

nanoscale resolution that are needed for large-scale 

integration and precise positioning. It is also problem-

atic that the SAM patterns are prone to contamination 

or undesirable chemical reaction during solution-phase 

coating process. Moreover, the nanotubes are usually 
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covalently-functionalized with chemical groups to inter-

act with a predefined SAM pattern [1, 24]. In this case, 

the functionalized nanotubes located at defect sites have 

limited utility for electrical applications such as transis-

tor and semiconducting device, since the nanotubes may 

not preserve the sp2 carbon structure and thus their elec-

tronic characteristics [25, 26].

In this work, we demonstrate a simple fluidic-assembly 

method for highly oriented SWCNTs patterns, using a dip-

coating process onto a topographically heterogeneous inter-

face of alternating non-polar (hydrophobic) PDMS strips on 

the polar (hydrophilic) SiO2 substrate. Well-defined PDMS 

nano-strips were created by solvent-assisted decal transfer 

lithography (sa-DTL) by utilizing irreversible bonding and 

anisotropic swelling [27]. �e transferred PDMS skin layer 

acts as a non-wetting region against non-specific deposi-

tion of SWCNTs and induces a spontaneous, large-area 

assembly after selective wetting and drying. One impor-

tant aspect of the current strategy, as compared to previous 

chemical patterning methods [28], is the use of a hydropho-

bic, uniformly defined physical structure (~100 nm height) 

instead of chemically patterned monolayer or multilayer 

of SAMs. Such physically defined patterns exhibit chemi-

cal and mechanical stability for a long time. Another key 

aspect is the introduction of a dip-coating process as a scal-

able and reproducible deposition method. Unlike previous 

deposition processes such as direct dipping and spin coat-

ing, the dip-coating process allows us to achieve precise 

and selective integration of highly aligned SWCNTs onto 

hydrophilic locations of a topographically modified surface. 

As described shortly, the positioning process was width-

dependent, such that the alignment accuracy was increased 

with decreasing the pattern width below ~1  μm. We fur-

ther demonstrate that the aligned arrays of SWCNTs can 

be used for a high-performance SWCNTs-FET device with 

high current density and turn-off ratio.

Experimental section

Preparation of PDMS stamps

PDMS stamps were prepared by replica molding from 

silicon masters that had been prepared by photolithog-

raphy. A mixture of base and curing agent (10:1 w/w) of 

Sylgard 184 silicone elastomer was poured onto the pat-

terned masters and cured at 70 °C for 2 h.

Solvent‑assisted decal transfer lithography (sa‑DTL)

First, both PDMS stamp and substrate were treated by 

short O2 plasma treatment (200  mTorr, 60  W, 20  s) for 

irreversible bonding. Immediately after the plasma treat-

ment, the PDMS stamp was carefully placed on the sub-

strate. �e assembly was subsequently immersed in polar 

solvents such as THF or 1,2-dichlorobenzene (1.2-DCB) 

for 1 min.

Preparation of SWCNTs colloidal solution

In order to obtain uniform SWCNTs, it is necessary to 

prepare a well dispersed colloidal solution. We conducted 

the following treatment for purification and dispersion. 

SWCNTs (ASP-100F produced by Il-jin Nanotech, Korea) 

were stirred in nitric acid solution at 50 °C for 30 min to 

purify and simultaneously exfoliate from bundles. �en 

SWCNTs were neutralized with deionized (DI) water and 

trapped on a membrane filter (Millipore, 0.2 μm pore size, 

47 mm diameter) using vacuum filtration. �e SWCNTs 

on the filter were dried in a vacuum oven chamber at 

80 °C for 48 h. We used 1,2-dichlorobenzene (1,2-DCB) as 

a solvent which is one of the well-known mediums appro-

priate for dissolution of SWCNTs 34-35 with the concen-

tration of 0.1  mg/ml. Finally, an ultrasonication process 

was performed for 20 h.

Dip‑coating process

Dip coating was performed by using a custom-built dip 

coater with controllable withdrawal velocity. �e step 

motor was mounted on the dip coater to allow movement 

of the platform upward or downward with a controlled 

speed, and the manipulator controlled the position of the 

substrate. �e PDMS patterned substrate was held on 

the hanger by a holder and the beaker filled with SWC-

NTs colloidal solution was set on the platform. �e sub-

strate was immersed into the prepared SWCNTs colloidal 

solution with the concentration of 0.1 mg/ml, and slowly 

pulled out at the constant withdrawal velocity of 3 mm/

min.

Device fabrication and characterization

To evaluate electrical characteristics of fluidic assem-

bled SWCNTs, we fabricated a field effect transistor 

with two Au electrodes (source/drain) and a back-gate. A 

conventional lift-off process was used to form the elec-

trodes on the gate-oxide. A highly conductive 4 in. P-type 

silicon substrate (100) resistivity: 3–6 Ωcm was used as 

the back-gate with a gate-oxide thickness of 10 nm. �e 

channel length (Lc) between the electrodes was varied 

from 2 to 20 μm with an interval of 2 μm (ten different 

spacing in total). I–V characteristics and gating effects of 

the devices were measured using Agilent 4156C param-

eter analyzer.

Scanning electron microscopy (SEM)

Images were taken using high-resolution SEM (S4800, 

Hitachi, Japan) at an acceleration voltage higher than 

5 kV.

Atomic force microscopy (AFM)

AFM measurements were performed using a commercial 

AFM (NanoScope IV MultiMode AFM, Veeco Metrology 
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LLC, Santa Barbara, CA). �e scan rate was 0.5 Hz and 

256 lines were scanned per sample. Tapping mode tips, 

OMCL_AC240TM-B2 with spring constant 0.9–2.2 mN, 

were obtained from OLY0MPUS (Japan). Data were 

processed using Nanoscope III 4.31r6 software (Veeco 

Instruments Inc.)

Results and discussion

Formation of stripe‑patterned substrate and aligned 

bundles of SWCNTs

Figure  1a illustrates the process to create well-defined 

nano-stripes formed by sa-DTL. Briefly, the sa-DTL 

process utilizes a swelling-induced stress gradient due 

Fig. 1 a Schematic illustration of the procedure to fabricate patterned PDMS strips by solvent-assisted decal transfer lithography (sa-DTL). b Dip-

coating process with strip-patterned substrate. c Fabrication results of transferred PDMS layer (~100 nm) and aligned bundles of SWCNTs: (i) AFM 

image of transferred PDMS pattern on SiO2 substrate with the inset showing cross-sectional line profile. The height of patterned PDMS is ~100 nm. 

(ii) SEM image showing SWCNTs alignment onto strip-patterned substrate by dip-coating process
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to anisotropic swelling of PDMS that is immersed in 

an organic solvent such as tetrahydrofuran (THF). �e 

transferred PDMS skin preserves the original hydropho-

bic nature of PDMS (static contact angle ~113°) [27] and 

thus can act as a patterned resist for selective wetting 

and deposition of SWCNTs. After preparing the PDMS 

nano-strips, a dip-coating was performed with a custom-

built dip coater (Fig. 1b). �e patterned surface contains 

non-polar strips (PDMS region) on the polar substrate 

(SiO2 region), which provides selective wetting and dry-

ing when the surface is withdrawn at a constant velocity 

(Vw) of 3  mm/min from the bath containing well-dis-

persed SWCNTs solution. It is noted that the strips were 

oriented parallel to the liquid interface for better align-

ment along the strip direction as shown in Fig. 1b. When 

the strips were oriented vertical to the surface, a similar 

directional drying was observed at the edges, together 

with continuous thinning of liquid layers along the pull-

ing direction, resulting in non-uniform distribution of 

nanotube bundles or the formation of discrete liquid 

droplets by Rayleigh instability [29, 30]. As shown in the 

AFM image of Fig. 1c, the transferred PDMS layer shows 

good pattern fidelity and structural integrity, with a pat-

tern height of ~100 nm (i). Also, the SEM image indicates 

that the SWCNTs bundles are well aligned along the strip 

edges over a large area (ii).

In the dip-coating process presented here, the polarity 

difference between PDMS and SiO2 regions can induce 

selective localization of SWCNTs along the strip direc-

tion. Specifically, when such a surface is drawn vertically 

from the SWCNTs solution, a thin meniscus is formed 

selectively on the hydrophilic SiO2 substrate at the three 

phase contact line (solid–liquid–vapor interface) with a 

contact angle θ (Fig. 1b). As the pulling velocity is suffi-

ciently slow, the solvent starts to evaporate mostly from 

the pattern edges, leading to convective transport of the 

SWCNTs that is similar to the well-known coffee-ring 

flow [31]. In addition, the confined geometry of a topo-

graphically patterned surface strongly influences the 

direction of evaporation, so that the liquid layer dries and 

forms aligned bundles of SWCNTs along the nano-strips 

[32]. �is directional evaporation significantly enhances 

align accuracy and pattern fidelity as compared to other 

solution-based methods (e.g., spin-coating, dipping). 

Recently, this edge pinning and drying has been success-

fully applied to align carbon nanotubes films [32] and 

assemble nanoparticles on pre-patterned surfaces [33].

Construction of phase map on the alignment morphology

In the experiment, we observed different alignment mor-

phology with different width of nano-stripes. As shown 

in Fig. 2, various widths (WSiO2
) of the hydrophilic SiO2 

region were tested in the range of 500  nm and 2  μm. 

Here, the top panel shows SEM images of the patterned 

surfaces prior to the deposition and the lower phase-

mode AFM images after the deposition. As can be seen 

from the lower panel of Fig. 2a, highly oriented bundles 

were formed along the strips when the width is relatively 

lower at 500 nm. As the width increases up to 2 μm, the 

nanotube bundles start to orient randomly along and 

across the strip direction, with the degree of alignment 

decreasing with the increase of the hydrophilic region.

Fig. 2 Various morphologies of the SWCNTs alignment with different pattern geometries: a WSiO2
:WPDMS = 500 nm:2000 nm. b WSiO2

:WPDMS = 750 nm:1250 nm. c WSiO2
:WPDMS = 1000 nm:500 nm. d WSiO2

:WPDMS = 2000 nm:500 nm. Note that the top panel indicates SEM image prior 

to the deposition while the bottom AFM images (phase mode) after the deposition. In the SEM images, the black region represents PDMS while the 

bright region SiO2. The scale bar is 500 nm
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To better understand the width-dependent alignment 

of SWCNTs, a phase map was constructed as shown in 

Fig.  3. Here, the alignment tendency was classified into 

four representative types with varying widths of the 

hydrophilic region. In terms of alignment accuracy and 

carbon–carbon contacts, case 1 is desirable since most 

nanotube bundles are aligned along the strips with some 

interconnections between the adjacent edges (spacing 

~500 nm). �is would allow for minimum electrical path 

in the CNT-based electric circuits. In case 2, the nano-

tubes are relatively well aligned along the strips with neg-

ligible interconnections due to a relatively large spacing 

of 750  nm. Interestingly, the bundles were formed fre-

quently at one side of the edges, for which asymmetric 

evaporation and migration of the solution towards the 

pulling direction might be responsible. In cases 3 and 

4, the degree of alignment was much reduced with ran-

domly distributed bundles of SWCNTs, which in turn 

increase carbon–carbon contacts. For such large widths 

(>~1 μm), it appears that directional evaporation is miti-

gated and thus the solution evaporates on the entire 

hydrophilic region before reaching the evaporation-rich 

edges. It is worthwhile noting that the phase map pre-

sented here is valid for the low SWCNTs concentration 

(~0.1 mg/ml) and thus other concentrations will give dif-

ferent morphology and phase maps (Fig. 3).

Fabrication of SWCNTs‑FET device

�e current fluidic approach can be used to fabricate 

highly aligned CNT bundles in a simple FET device with 

varying source–drain separations (Lc). Figure  4a shows a 

schematic for device layout, in which the PDMS strips of 

500 nm were fabricated onto the recessed region (~300 nm 

height) between the two gold electrodes. During the trans-

fer process, the elastic nature of PDMS stamp allowed con-

formal contact even on the recessed region, resulting in 

uniformly patterned strips over 4 in. wafer scale. Figure 5b 

demonstrates a large-area assembly of SWCNTs onto the 

pre-patterned electrode arrays. �e inset image indicates 

that the nanotube bundles are well-oriented along the 

strips with some interconnections, corresponding to the 

case 1 in Fig. 4. Figure 5c, d shows current/voltage (I–V) 

characteristics of the fabricated devices, with the inset 

showing representative images of the SWCNTs alignment. 

For wider strips (WPDMS:WSiO2
  =  1:4) with Lc  =  4  μm, 

the distribution of the bundles is random and less-ori-

ented, which gave rise to a higher electrical resistance R of 

0.216 MΩ (@25  °C, 0.5 V), which was ~8.6 times higher 

than that with narrower strips (WPDMS:WSiO2
  =  4:1) 

(0.025 MΩ). �is difference is attributed to the increased 

carbon–carbon contacts for the random network [34]. It 

is noted in this regard that if all the electrical paths con-

tain, at least, one semiconducting one, they behave like 

Fig. 3 Effect of the solution concentration on SWCNTs alignment: a 1 mg/ml, b 0.5 mg/ml and c 0.1 mg/ml

Fig. 4 a Four representative categories of the SWCNTs alignment. 

b Phase map of alignment tendency with varying widths of the 

hydrophilic region (WSiO2
) for a given concentration (~0.1 mg/ml). As 

shown, the degree of alignment was decreased with increasing the 

hydrophilic region (from case 1 to case 4)
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a semiconductor in the parallel-aligned SWCNTs-FET 

device. In contrast, the metallic conducting path is gener-

ally formed in a random network [35].

We further investigated a gating effect of highly-

aligned SWCNTs devices. For a particular geometry 

(Lc = 10 μm, WPDMS:WSiO2
 = 4:1), we observed the on-

state current of ~0.3 μA at a drain bias (VDS) of −0.1 V 

(Fig. 6a). �e peak transconductance (gm, dID/dVGS) was 

~0.99 nS at a drain bias of −0.1 V and gate bias of −1.5 V. 

�us, the FET device with highly-oriented CNT bundles 

exhibited high performance with a large turn off ratio 

(~102), compared with the same device with random net-

work of SWCNTs with the turn off ratio being less than 

~10 (Fig. 6b). �e out-put signal was ensemble-averaged 

over six randomly located devices (each device measured 

three times with ~134 strips/electrode, in total 18 meas-

urements for single output) with small device-to-device 

variations (deviations ±3%), suggesting that the fluidic 

assembly presented here is highly effective and scalable 

for device fabrication.

Conclusion

In this paper, we have presented a simple yet widely 

applicable fluidic assembly method by utilizing dip coat-

ing and directional evaporation. �e topographically pat-

terned surface in the form of alternating hydrophobic 

PDMS strips on the hydrophilic SiO2 substrate was used 

to provide a precise control over selective wetting and 

drying along the strip direction, completing the deposi-

tion of highly aligned bundles of SWCNTs. �e method 

Fig. 5 a Schematic layout of SWCNTs-FET device. b Large-area SEM image of the device with highly oriented nanotube bundles. The inset shows an 

enlarged view of a unit device. c, d Electrical characteristic of the device with various channel lengths (Lc) and two different pattern geometries: c 

WPDMS:WSiO2
 = 1:4 (500 nm:2000 nm) and d 4:1 (2000 nm:500 nm). Inset AFM images of aligned SWCNTs
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involves a low-expertise and scalable dip coating pro-

cess and does not require additional surface modifica-

tion or external stimulus. Furthermore, the simple FET 

device with aligned nanotube bundles demonstrated sig-

nificantly higher current density and high turn-off ratio 

(T/O ratio ~ 100) as compared to that with randomly dis-

tributed bundles (T/O ratio ~ <10). �e same approach 

could be applied to obtain highly oriented nanomaterial 

arrays including nanowires or nanoparticles.
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