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Introduction and Abstract 

Single-walled carbon nanotubes (SWCNTs) show great potential as an active material in 

electronic and photonic devices, but their applicability is currently limited by shortcomings in 

existing deposition methods. SWCNTs can be dispersed from liquid solutions, however, their 

poor solubility requires the use of surfactants and ultrasonication, causing defects and 

degradation in device performance. Likewise, the high temperatures required by their chemical 

vapor deposition growth limit substrates on which SWCNTs can be directly grown. Here, we 

present a systematic study of the direct deposition of pristine, aerosol-synthesized SWCNTs by 

thermophoresis. The density of the deposited nanotube film can be continuously adjusted from 

individual, separated nanotubes to multilayer thin films by changing the deposition time. 

Depending on the lateral flow inside the thermophoretic precipitator, the angular distribution of 

the deposited SWCNT film can be changed from uniform to non-uniform. Since the substrate is 

kept at nearly ambient temperature, deposition can be thus carried out on practically any flat 

substrate with high efficiencies close to unity. The thermophoretic terminal velocity of 

SWCNTs, determined by aerosol loss measurements, is found to be approximately one third of 

the usual prediction in the free molecular regime and shows a weak dependence on the nanotube 

diameter. As a demonstration of the applicability of our technique, we have used thermophoretic 

deposition in the fabrication of carbon nanotube thin film transistors with uniform electrical 

properties and a high, over 99.5%, yield.  
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 3 

Thin films of single-walled carbon nanotubes (SWCNTs) show great potential in a range of 

applications, such as transparent conductive electrodes1, thin film transistor channels2, and 

saturable absorbers3. Likewise, individual semiconducting SWCNTs4 and aligned arrays5 of them 

are a promising building block for nanoscale electronics6-7, and suspended SWCNTs have 

potential applications in nanoelectromechanical components8. While random and aligned9 

SWCNTs can be grown directly on substrates from catalyst particles or stripes using chemical 

vapor deposition (CVD), this can be only carried out on substrates that can withstand the high 

temperatures involved (typically 700-1000°C). Alternatively, the SWCNTs must be transferred 

to a target substrate10 or dispersed in a solution. SWCNTs can be deposited from solution by 

dropcasting11, printing12, or the Langmuir-Blodgett13 and Langmuir-Schaefer14 methods for 

example, but their dispersion by surfactants and ultrasonication adversely modifies their 

electronic properties due to surfactant remains and sonication-induced lattice defects15 and 

cutting16.  

 

Previously, we have demonstrated that thin films of aerosol-synthesized SWCNTs, collected 

by a dry and dispersion-free filtration process, can be used as high-performance transparent 

conducting electrodes17 and thin film transistor (TFT) channels18. However, this method is 

limited by the size of the filter, and dry press transfer17 of the films is reliable only when the film 

is thick enough to form a continuous, interlocking structure. Sparser films close to the 

percolation threshold and suitable for TFT fabrication can be transferred by dissolving the 

filter18, but the dissolution is time-consuming, may contaminate the substrate and compromises 

the otherwise solvent-free process. In either case, reliable deposition of separated, individual 

SWCNTs cannot be carried out.  
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 4 

 

Here, we have for the first time systematically studied the direct deposition of SWCNT 

aerosols by thermophoresis. In general, thermophoretic deposition of aerosol nanoparticles is a 

promising method for the fabrication of nanoparticle thin films and coatings19 and catalyst 

preparation for chemical vapor deposition (CVD) growth processes on surfaces20,21. 

Thermophoretic precipitators (TP) can be designed so that the deposition efficiency can almost 

reach unity and the substrate can be kept at near-ambient conditions, meaning that deposition can 

be carried out on practically any flat substrate, including mechanically or chemically sensitive 

materials and flexible polymers.  

 

Usually, the size of engineered nanoparticles and nanoparticle agglomerates ranges from a few 

to tens of nanometers, indicating that their thermophoresis occurs in the free molecular regime. 

Assuming rigid body collisions between the surrounding gas molecules and the particle surface, 

Waldmann et al22-23. determined that the thermophoretic terminal velocity vth in the free 

molecular regime, obtained by balancing the Stokes drag force and the thermophoretic force (FD 

+ Fth = 0), is  

 

𝑣"# = − &∇(

) *+,-. /01
= 	− 345∇(

6 *+,-. 751
,  [1] 

 

where 𝜅 = 15k𝜇:/4mg is the temperature conductivity of the gas24, 𝜑 is the momentum 

accommodation factor, describing the proportion of specular and diffusive scattering on the 

particle surface and normally assumed to be 0.9 based on experiments25, N is the number density 

of the gas, k is Boltzmann’s constant, 𝜇: is the viscosity of the gas, 𝜌:= Nmg is the mass density 
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 5 

of the gas and mg is the mass of the gas molecule. Since the terminal velocity predicted by Eq. 1 

is independent of the particle size and composition, thermophoretic sampling is also attractive in 

the sense that non-biased size distributions can be measured from deposited samples.   

 

The dependence of vth on the shape of non-spherical particles in the free molecular regime has 

been considered theoretically by Rosner et al.26, concluding that the vth of sphero-cylindrical 

particles and random, chain-like agglomerates of spherical particles is nearly equal to that of 

equal volume spherical particles when the particles are randomly oriented, and differ slightly 

when the particle is aligned perpendicular or parallel to the temperature gradient. In the case of 

purely specular collisions, Zurita-Gotor has concluded27 that vth is exactly independent of size 

and structure and equivalent to the prediction of Eq. 1, indicating that size distributions measured 

from thermophoretically sampled non-spherical particles should also be nonbiased.   

 

The high aspect ratios of SWCNTs, and the fact that their cross section is molecular in scale 

while the length is typically on the order of micrometers, complicates their description in terms 

of aerosol theory. We have previously determined that their electrical mobility diameters dME 

range from tens of nanometers for non-agglomerated SWCNTs28 to ca. 100 nm for agglomerated 

SWCNTs29. Likewise, we have shown30 that the diffusive agglomeration rate of individual 

SWCNTs with a mean length of 3 μm, a mean diameter of 1 nm, and a mean dME of 36 nm can 

be predicted by using a mobility diameter of 20 nm. Here, we have measured the deposition rates 

of SWCNTs with various mean diameters using aerosol loss measurements and compared them 

with theory and the experimental deposition rate of a near-spherical iron nano-agglomerate 

aerosol obeying Eq. 1. We have found that the thermophoretic terminal velocity differs from the 
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 6 

prediction of Eq. 1 and depends weakly on the mean SWCNT diameter. We suggest that this 

behavior is mainly caused by the invalidity of the assumption of rigid body collisions behind Eq. 

1 and possibly by additional mechanisms discussed here. Centimeter-scale thin films with 

uniform spatial densities can be deposited even with a simple plate-to-plate TP, and the 

SWCNTs can be aligned to a limited extent using shear flow during the deposition. The 

applicability of the method is also demonstrated by the fabrication of an array of thin film 

transistors using the TP.   

 

Thermophoretic deposition can also be used to deposit SWCNTs on prefabricated micro- and 

nanostructures without damaging them, to guide synthesis process development by providing 

nonbiased SWCNT size distributions, and could be used to fabricate van der Waals 

heterostructures consisting of SWCNTs and such two-dimensional solids as graphene, hexagonal 

boron nitride, or transition metal dichalcogenides31 without solution processing. Our findings can 

also be useful when considering thermophoretic losses in the design of aerosol CVD reactors and 

when evaluating human exposure to airborne aerosolized SWCNTs.  

 

Results and discussion 

We studied the deposition of SWCNTs with three different mean diameters (d = 1.2 nm, d = 

1.5 nm, d = 1.9 nm), grown using the floating catalyst CVD process with ferrocene as the 

catalyst source, carbon monoxide (CO) as the carbon feedstock, and carbon dioxide (CO2) to 

control the SWCNT mean diameter. This process is known to yield a mixture of semiconducting 

and metallic single-walled carbon nanotubes with the semiconducting-to-metallic ratio close to 

the expected value of 2:1, and with a preference towards near-armchair chiralities28. Because 
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 7 

carbon monoxide does not undergo thermal self-decomposition at the reaction conditions, the 

synthesized SWCNTs are not contaminated by amorphous carbon or other carbonaceous side 

products. The mean diameters of the SWCNTs were determined by UV/Vis/NIR absorbance of 

thin film samples collected by filtration and measuring the positions of the absorption peaks 

assigned to the first and second electronic transitions of semiconducting SWCNTs (S11 and S22). 

The first electronic transition of metallic SWCNTs (M11) was also observed, indicating their 

presence. For comparison, we also studied the deposition of an aerosol consisting of near-

spherical nanoscale agglomerates of iron nanoparticles with a similar electrical mobility 

diameter, produced using a spark discharge generator28. Schematics of the synthesis equipment 

are presented in Figure 1a and Figure 1b. During synthesis, the number concentration at the 

outlet of the CVD reactor was at or below 106/cm3 by adjusting the catalyst precursor feed to 

prevent excessive SWCNT agglomeration. At this concentration, the process is expected to yield 

predominantly individual SWCNTs and small bundles with diameters below 2 nm.32  

A purpose-built modular plate-to-plate TP was used in this work. The TP consists of two 

aluminum plates separated by a polytetrafluoroethylene (PTFE) plate, in which a rectangular 

flow channel has been cut. The substrate is based on the lower plate in a rectangular, 0.5 mm 

deep recession and is surrounded by a smaller PTFE plate with a hole in the shape and size of the 

substrate and a matching thickness, so that the substrate and the top surface of the smaller PTFE 

plate form the bottom of the flow channel. The top plate is heated using two power resistors and 

a tabletop voltage source (maximum heating power 84 W), and the bottom plate is cooled by 

ambient temperature water cooling. Due to the low thermal conductivity of the PTFE plate 

separating the hot and cold plate, at full heating power a temperature gradient of ca. 105 Km-1, 

estimated as the temperature difference of the hot and cold plate divided by the height of the 
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 8 

upper PTFE plate, can be reached in the 0.25 or 0.5 mm high channel. The aerosol enters and 

exits the channel through the upper plate through two 1/4 inch pipes. 500 μm thick Si/SiO2 chips 

(100 nm thermal oxide on one side) with lateral dimensions of approximately 1.5 x 1.5 cm were 

used as the deposition substrate. A schematic of the TP is presented in Figure 1c. Deposition of 

SWCNTs on other substrates was also carried out; micrographs of deposited SWCNTs are 

included in the Supporting Information. The optical absorbance spectra of the SWCNTs, 

measured from thin film samples collected by filtration and transferred on quartz by pressing, 

used to determine their mean diameters, are presented in Figure 1d. 

Before deposition, the number size distributions of the SWCNT aerosols were measured to 

ensure that the reactor was not producing a significant amount of inactive catalyst nanoparticles. 

The measured aerosol number size distributions, presented in Figure 1e, were comparable to 

earlier published distributions28,32 with mean dME at 40-60 nm. The parameters of the spark 

discharge generator were adjusted so that the number size distribution of the Fe agglomerates 

approximately matched the SWCNT number size distributions.  
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 9 

Figure 1. Schematics of the synthesis and deposition systems, SWCNT optical absorption 

spectra and electrical mobility distributions. a) Schematic representation of the SWCNT growth 

system. b) Schematic representation of the iron nano-agglomerate growth system. c) Schematic 

representation of the plate-to-plate thermophoretic precipitator and the flow channel defined by 

the plates and the cut in the upper PTFE plate (inset). d) UV/Vis/NIR absorption spectra of the 

synthesized SWCNTs. The means of the peaks assigned to the semiconducting S11 and S22 

electronic transitions, used to determine the mean SWCNT diameters, are indicated.  e) Number 

size distributions of the Fe nano-agglomerates and SWCNTs.  

The relative aerosol loss in the TP channel, corresponding to its collection efficiency, as a 

function of the temperature gradient was studied by pumping either iron nano-agglomerate or 

SWCNT aerosol with variable volume flow rates through the TP and simultaneously measuring 

the aerosol number concentration and the temperature gradient during a full heating and cooling 

cycle. A logging interval of ten seconds was used for both measurements. Representative 

measurements of the temperature gradient and aerosol number concentration are presented in 

Figure 2a. The relative loss in the precipitator was calculated as  

  

𝜂>?@ = 1 − B(D1)
B(D1FG)

,  [2] 

 

where the baseline concentration C(dT = 0) was measured through an unheated TP to account 

for possible non-thermophoretic losses, such as diffusive and impaction losses, in the sampling 

lines and depositor entries.  
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 10 

Assuming that the aerosol in the channel spreads quickly to a spatially uniform distribution 

after the inlet, the efficiency for a given set of channel dimensions and volume flow rate can be 

predicted from  

 

𝜂"# = min 1, LMN"OPQ,R
#

,   [3] 

 

where 𝑣"#	 is the average terminal velocity in the channel, and tres,x = 𝑙 𝑄𝑤ℎ, where Q is the 

volume flow rate, and w and h are the width and height of the channel. The average terminal 

velocity 𝑣"# was evaluated by assuming that the temperature profile is linear in the z direction 

and evaluating 𝑣"#(𝑧) by Eq. 1, using ∇T = 	 1NYMZ1[Y\]
#

 as the temperature gradient  and the 

average of Thot and Tcold as T, and calculating the gas viscosity 𝜇 from  

 

4
4^
= 1̂ +1Q

1+1Q

1
1̂

3
_,   [4] 

 

where Ts is Sutherland’s constant (240 for CO and 111 for N2)33 , and 𝜇G and T0 are the 

reference viscosity and temperature (1.76×10-5 Pas and 298 K for CO,  

1.781×10-5 Pas and 300.55 K for N2) and the gas density from ρ	= ρrefTref/T, where ρref and Tref are 

a reference density and temperature (1.165 kgm-3 and 293 K for both N2 and CO)34. Due to the 

low volume fraction (less than one volume percent introduced and a trace amount produced by 

CO disproportionation during the SWCNT growth) of CO2, the carrier gas of the SWCNTs was 

assumed to be purely CO.  
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 11 

We measured the deposition efficiency of the iron nano-agglomerates and three different 

populations of predominantly non-bundled SWCNTs using six different combinations of channel 

geometry and flow rate. The deposition rate of the iron nano-agglomerates was close to the 

prediction calculated using Eq. 1, as expected based on the size distribution of the aerosol. A 

slight deviation from the prediction was observed at > 8×104 Km-1, where the predicted 

efficiency approaches unity. This could be a result of a number of non-idealities in the model and 

the experimental setup: the underlying assumption of a uniform vertical distribution of the 

aerosol may not hold entirely, the flow channel used in the experiments can be slightly irregular 

in shape, or the deposition of some particles is prevented by local eddies lifting them away from 

the surface. Meanwhile, we found the deposition rate of the SWCNT aerosol was systematically 

lower and also slightly affected by the nanotube mean diameter. Increasing the diameter from 1.2 

nm to 1.5 nm and finally to 1.9 nm resulted in respective deposition rates of 35%, 39% and 43% 

of the prediction of Eq. 1. The full set of six measurements per each aerosol material is included 

in the Supporting Information.  
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 12 

 

Figure 2. Measurements of aerosol deposition efficiency. a) Representative real-time 

measurement of the aerosol concentration (1.2 nm SWCNTs, hch = 0.25 mm, Q = 208 cm3/min) 

passed through the precipitator and the temperature gradient between the precipitator plates. The 

heating is started at t = 0 seconds and turned off at t = 450 seconds. b) The measured mean 

deposition efficiencies for each type of SWCNT aerosol, expressed as a fraction of the 

theoretical prediction based on Eq. 1. The error bars indicate one standard deviation. c) 

Representative deposition efficiency versus temperature gradient measurements for Fe 

agglomerates and SWCNTs. The red solid line indicates the predicted density based on Eq. 1., 

and the blue circles indicate experimental data. d) Predicted versus measured SWCNT density 

(scale bars 2 μm in all micrographs). The vertical error bars indicate experimental error, arising 

mainly from shift in aerosol concentration during the deposition. The horizontal error bars 

indicate one standard deviation. The red dashed line is to guide the eye.  
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 13 

The discrepancy between the observed deposition rates and Eq. 1 may arise due to several 

different previously published mechanisms. As the particle size is reduced to the molecular scale, 

the assumptions of a constant momentum accommodation factor and rigid body collisions are no 

longer expected to be accurate due to intermolecular forces between the particle surface and gas 

molecules. Li and Wang have proposed modified forms for the drag35 and thermophoretic36 

forces, resulting in 

 

𝑣"# = 1 − `
)

abc5
d,e ∗

abc5
d,d ∗

&∇(
/01

= 1 − `
)

abc5
d,e ∗

abc5
d,d ∗

*)45∇(
6751

 , [5] 

 

where the reduced collisions integrals ΩhL:
*,i ∗ describe the intermolecular forces, averaged over 

diffuse and specular scattering, between the gas molecules (l = 1), and between the gas 

molecules and the particle surface (l = 2). At particle diameters below 5 nm, the predicted 

terminal velocities of Eqs. 1 and 5 may even differ by orders of magnitude.  

 

A diameter dependence similar to the one observed experimentally, although with less 

diminished deposition rates of 53%, 65% and 77% at 1.2 nm, 1.5 nm, and 1.9 nm, is predicted by 

Eq. 5. A plot of the terminal velocity predicted by Eq. 5 as a function of the particle diameter, 

calculated using elemental carbon as the particle material and CO as the gas molecule, is 

included in the Supporting Information. During the review of our work, a recently published 

work by Wang et al., specifically considering the thermophoresis of nanocylinders came to our 

attention37. The authors of the paper extend the earlier results of Li and Wang, and the 

quantitative results they obtain are close to the values we have obtained. It can also be assumed 

that the SWCNTs are at least partly oriented perpendicularly to the temperature gradient during 
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 14 

deposition by the surrounding flow, which may further contribute to the discrepancy. The effect 

of such an alignment on the thermophoresis of non-spherical particles has been considered by 

Rosner et al.26, but the two cases (sphero-cylindrical particles in the free molecular regime and 

chain-like agglomerates in the continuum regime) and aspect ratios covered (L/2R up to 100) do 

not match the dimensions of the SWCNTs measured in our study. Nevertheless, their results 

indicate that alignment may contribute to the diminishing of the terminal velocity.  

  

Due to the micrometer-scale length of SWCNTs and their and high thermal conductivity, up to 

3500 W m-1 K-1 at room temperature38, the terminal velocity could in principle be further 

diminished because the temperature gradient is disturbed by thermal conduction along the 

SWCNT axis. A semi-empirical model, accounting for this effect and describing thermophoresis 

in the transition regime between the free molecular and continuum regimes, has been proposed 

by Talbot et al.39 and found to match experimental deposition rates measured in laminar and 

turbulent pipe flows using monodisperse NaCl particles40.  

Since the model of Talbot et al. is expressed in terms of the Knudsen number Kn = 2λ/dp, a 

quantitative prediction cannot be obtained for SWCNTs without assuming some effective size 

for dp. However, since the terminal velocity is predicted to decrease rapidly with a decreasing Kn 

when kg/kp is small (corresponding to particles with high thermal conductivities; kCO/kSWCNT ~ 

7×10-6), this mechanism is also a possible cause for the observed decreased terminal velocities. A 

comparison of terminal velocities predicted by Eq. 1 and the model of Talbot et al. as a function 

of Kn is included in the Supporting Information. We suggest that the mechanisms underlying 

thermophoresis of SWCNT aerosols could be studied in the future using SWCNTs with 

significantly shorter or longer mean lengths and similar diameters, or SWCNTs with 
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 15 

significantly larger diameters than the ones considered here. Study of the deposition efficiencies 

of such SWCNTs, when they become available by developments of the floating catalyst CVD 

method, could differentiate more clearly between the suggested mechanisms.  

 

The collection efficiency of the TP was also evaluated by comparing the area density of 

deposited 1.2 nm SWCNTs measured from scanning electron (SEM) micrographs against the 

prediction 

 

𝜌 = jMNkB"
l

,  [7] 

 

where 𝜂"# is the efficiency of the TP at a given temperature gradient and flow rate, 

extrapolated from the measured efficiencies, Q is the volume flow through the TP, C is the 

SWCNT concentration measured using a condensation particle counter (CPC), t is the collection 

time and A is the lateral area of the channel. The predicted and measured SWCNT densities were 

found to match well, as presented in Figure 2d. To facilitate the measurement, the area density 

(um-2) was approximated by the linear density (um-1), measured by detecting peaks in the grey 

values of the SEM scanlines. An example of an analyzed scanline is presented in Figure 4b.  

 

The length and orientation distributions of the deposited SWCNTs were analyzed using 

FiberApp, an open-source software for tracking and measuring fibrous objects41. The length 

distributions of the three SWCNT populations, used to study the deposition efficiency, were 

measured from several SEM micrographs, similar to those presented in Figure 3a. We found that 

the measured distributions for all studied synthesis conditions, presented in Figure 3b, were log-
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 16 

normal to a high precision in the range of 0.5 to 15 μm, as expected of aerosol-synthesized 

SWCNTs, implying that the sampling method does not introduce a strong bias based on SWCNT 

length.  

 

 

Figure 3. SEM analysis of the deposited Fe agglomerates and SWCNTs. a) Representative SEM 

micrographs of deposited Fe agglomerates (scale bar 1 μm) and SWCNTs (scale bars 2 μm) b) 

Length statistics measured from deposited SWCNTs. The red curves show log-normal maximum 

likelihood fits (μ = 8.16, σ = 0.58 for 1.2 nm SWCNTs, μ = 7.82, σ = 0.43 for 1.5 nm SWCNTs, 

and μ = 7.78, σ = 0.71 for 1.9 nm SWCNTs) on the data.   

The uniformity of the deposited SWCNT film was evaluated from nine SEM micrographs 

obtained at the center and edges of a 1 cm2 square, depicted in Figure 4a. When deposition was 

carried out using a volume flow of 80 cm3/min through a 0.5 mm x 2 cm x 5 cm channel, a film 

with high spatial uniformity over an area of 1 x 1 cm was obtained and no preferential alignment 

of the SWCNTs was observed. Deposition using a higher flow rate of 300 cm3/min through a 
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channel with identical dimensions resulted in a non-uniform spatial density, with comparably 

fewer nanotubes along the centerline of the measured area. Increasing the flow rate also resulted 

in a non-uniform angular distribution, showing preferential alignment with the flow direction 

(corresponding to an angle of 0 in the histograms and the vertical axis in the micrographs). The 

spatial density distribution, expressed in terms of the SWCNT linear densities per scanline, and 

the angular distribution of the SWCNTs in each of the micrographs, are presented in Figs. 4c and 

4d. The alignment was quantified using the 2D order parameter  

 

𝑆_n = 2 cos_ 𝜃t − 1, [8] 

 

where the brackets indicate the mean over n fiber segments and 𝜃t is the angle between the nth 

segment and the average orientation of the population. The order parameters measured from the 

sample collected at a flow rate of 100 cm3/min were close to zero, indicating a random 

distribution, whereas values of S2D = 0.2345, 0.2493, and 0.2685 was observed at the centerline 

of the sample collected at 300 cm3/min. We believe that a higher flow velocity in the center of 

the channel results in a higher shear rate, increasing the alignment, while simultaneously 

decreasing the residence time and deposition efficiency of the SWCNTs.  

 

Page 17 of 31

ACS Paragon Plus Environment

ACS Applied Materials & Interfaces

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



 18 

 
Figure 4. Spatial and angular uniformity of the deposited SWCNTs. a) Schematic (not to scale) 

of the micrograph locations on the sample. The light grey area depicts the middle 1 cm2 of the 

sample. b) A representative analyzed SEM scanline, with assigned SWCNT locations indicated 

by triangles. c) and d) Spatial density distribution, representative micrographs obtained at nine 

points depicted in a) (scale bars: 1 μm) and angular distributions (the horizontal red line indicates 

a uniform distribution) of films deposited using flows of c) 80, and d) 300 cm3/min. The 

densities are normalized to means of 2.18 μm-1 and 1.18 μm-1, for 80 cm3/min and 300 cm3/min 

deposition flows, respectively).  

 

To demonstrate the applicability of the thermophoretically deposited SWCNTs as a functional 

coating, SWCNT thin film transistors were fabricated from the d = 1.2 nm SWCNTs using a 

process similar to one employed earlier using filter-transferred SWCNT networks18,32, 42. The d =  

1.2 nm population was chosen to keep the results comparable with the earlier studies, carried out 

using SWCNTs with nearly similar diameters. The TFTs used a common back-gate design with 
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100 nm thermal silicon oxide as the dielectric, Ti/Au (5 nm, 40 nm) source and drain electrodes 

deposited using electron beam evaporation and the non-oxidized reverse of the chip, on which a 

Al contact was sputtered, as the gate electrode. The SWCNTs were thermophoretically deposited 

on prefabricated arrays of source and drain electrodes and the channel areas were defined by 

reactive ion etching using an oxygen and argon plasma. The test structure used in the work 

contained channels with widths of 100, 200 and 500 μm and lengths of 5, 10, 20, 30, 40, 50, and 

100 μm.  

 

Device characterization was carried out in ambient conditions on a semi-automatic probe 

station (PA200, Süss MicroTec AG) connected to a semiconductor parameter analyzer (Agilent 

4156). The transfer characteristics were measured using a source-drain bias of -1 V and a double 

gate voltage sweep from -10 to 10 V.  

 

The field-effect device mobilities of the devices were evaluated using the standard formula  

 

𝜇 = uvw
xvw

*
yz{

*
B
D|z
Dy}{

,  [9] 

 

where LCH and WCH are the length and width of the channel, VDS is the source-drain voltage, C 

is the channel capacitance and dID/dVGS is the maximum of the transconductance. The channel 

capacitance was evaluated using the model of Cao et al., accounting for the electric field 

focusing on a sparse SWCNT network43: 

 

𝐶 = 𝐷/ 𝐶kZ* + 2𝜋𝜀G𝜀� Z* log ����	(_�"n)
��n

, [10] 
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 20 

 

where D is the linear SWCNT density (0.96 SWCNTs/μm based on SEM of the finished 

devices), CQ = e2g0 ≈ 3.2 is the quantum capacitance, R is the mean radius of the SWCNT, t is the 

dielectric thickness, and εs is the relative permittivity of the dielectric.  

 

Transfer and output characteristics and micrographs of a finished device are presented in 

Figure 5. The transfer curves of all measured devices are included in the Supporting Information. 

Based on an evaluation of the ON state (VGS = -10 V) resistances of 100 μm wide devices as a 

function of the channel length, the total resistance of the device is dominated by the resistance of 

the relatively sparse SWCNT network, as can be expected.  The fabricated thin film transistors 

exhibited uniform electrical properties across the centimeter-sized array, with more than 99% of 

measured devices having the expected transfer characteristics considering the device dimensions. 

Since the as-grown SWCNTs used in this study consist of a mixture of metallic and 

semiconducting tubes with approximately one third having metallic properties, ION/IOFF decreases 

as the channel length is decreased or the channel width increased and ION/IOFF exceeding 103 is 

probable only when the length of the channel is approximately ten times the mean SWCNT 

length, or more than 40 μm. Due to their bottom-gate design, non-passivated channels and the 

use of SiO2 as the gate dielectric, the devices exhibit large hysteresis that can be ascribed to trap 

states resulting from surface-bound water molecules in the vicinity of the SWCNTs44-45, and in 

practice prevented by encapsulating the devices or switching to a top-gate design.  

 

Out of 644 fabricated and measured devices, only one showed abnormal operation considering 

its channel dimensions, which could be ascribed to a defect in the substrate dielectric, leading to 
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substantial gate leakage, but unrelated to the deposition process. The best devices with 

dimensions LCH = WCH = 100 μm showed a charge carrier mobility exceeding 300 cm2/Vs while 

simultaneously having a ION/IOFF in excess of 106, and typical devices with LCH > 30 μm showed 

charge carrier mobilities of 50-100 cm2/Vs while simultaneously having ION/IOFF ratios between 

104-106. These represent some of the best metrics obtained for SWCNT TFTs fabricated from 

unsorted SWCNTs.  

 

The average performance of the devices, as expressed by their ION, field effect device mobility 

and ION/IOFF ratio, corresponded to or exceeded the performance of our earlier published devices42 

fabricated using SWCNTs from a similar process and a transfer method based on filter 

dissolution, amended with turbulent mixing of the aerosol to ensure uniform coverage on the 

filter. The comparison is even more favorable against earlier published TFTs18 fabricated from 

aerosol-synthesized SWCNTs using filtration and filter dissolution without using a turbulent 

mixer42 to ensure a uniform SWCNT coverage on the filter, the number of functional devices 

obtained here is an order of magnitude higher, underlining the uniformity of the deposited film. 

This is also supported by the lower spread in ION/IOFF for devices with given channel dimensions 

obtained here.  

 

From a practical point of view, thermophoretic deposition is in many ways preferable to 

transfer by filter dissolution, since the dissolution step is time-consuming and air bubbles trapped 

in the filter or agitation of the solvent during the dissolution, for example, may cause defects and 

non-uniformity in the transferred film. Based on atomic force microscopy (AFM, Veeco 

Dimension 5000 in intermittent contact (tapping) mode) of a finished device channel, the 
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SWCNT surfaces and channel remained free of any visible contamination. This is in contrast to 

devices fabricated using filter dissolution, where particulate remains, assumed to consist of 

insoluble parts of the nitrocellulose filter, could be observed even after extended soaking of the 

filter in acetone42. As we have concluded earlier42, further improvements on the device properties 

would likely require either selective growth of semiconducting SWCNTs, preferably with a 

narrow diameter distribution, or post-growth removal of metallic SWCNTs.  

 

 

 

Figure 5. Electrical characterization and AFM and SEM micrographs of the fabricated TFTs. a) 

Transfer curves of devices with 100, 50 and 40 μm channel lengths and 500, 200 and 100 μm 

channel widths. b) Scatter plot for device mobility vs. ION/IOFF ratios. c) Output curves of a 

representative Lch = 50 μm, Wch = 100 μm device. d) Histograms of ION (measured at VGS = -10 V, 
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VDS = -1 V and normalized to channel width) for devices with channel lengths 40, 50, and 100 

μm. e) AFM (scale bar 1 μm) micrograph of SWCNTs in a finished device channel and SEM 

(scale bar 10 μm) micrograph of the entire channel. 

Conclusions 

Uniform, clean thin films of aerosol synthesized SWCNTs can be deposited on a centimeter 

scale even with a simple plate-to-plate precipitator design. The observed deposition rate of 

nanotubes is smaller than the classical prediction of Waldmann et al. and shows a slight 

dependence on the nanotube diameter. Based on this, we suggest the behavior is at least partially 

explained by the non-rigid body collisions between gas molecules and the nanometer-scale 

SWCNT surface. Partially aligned thin films can also be deposited by utilizing higher flow rates 

through the precipitator, at a cost of spatial uniformity in the simple laboratory-scale design 

considered here. Due to the simplicity of the method, it should be scalable up to wafer-scale or 

used in a geometry suitable for roll-to-roll processing with relative ease.  

 

We have demonstrated the applicability of the method by controllably depositing near-

percolating thin films of SWCNTs and utilizing them as TFT channels. The device performances 

and uniformity matched or exceeded previously published devices fabricated from similar 

SWCNTs using filter dissolution. In addition to the applications considered here, we suggest that 

the exceptionally clean, pristine SWCNTs deposited using the method could be deposited on 

low-dimensional solids for basic studies of their interactions, or utilized in the fabrication of 

optical and nanoelectromechanical devices and in the development of aerosol-based synthesis 

processes for SWCNTs.  
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Methods 

SWCNT and Fe nano-agglomerate synthesis 

SWCNTs were grown using the floating catalyst CVD process with ferrocene as the catalyst 

precursor and carbon monoxide (CO, 99%, Oy AGA AB, Finland) as the carbon feedstock. A 

detailed description of the SWCNT growth system has been published earlier32. To modulate the 

SWCNT mean diameter, a small (0.25 to 0.52 volume percent) flow of carbon dioxide (CO2, 

99.9993%, Oy AGA AB, Finland) was introduced to the reactor46. A total of three different 

growth conditions were used, with T = 850 OC and 0.25 vol-% CO2 yielding SWCNTs with d = 

1.2 nm, T = 850 OC and 0.4 vol-% CO2 yielding SWCNTs with d = 1.5 nm, T = 850 OC and 0.52 

vol-% CO2 yielding SWCNTs with d = 1.9 nm. For brevity, these conditions and the SWCNTs 

are referred to by the mean diameter (e.g., “1.2 nm SWCNTs”). The mean diameters of the 

SWCNTs were determined by UV/Vis/NIR absorbance spectroscopy (PerkinElmer LAMBDA 

950 UV/Vis/NIR spectrophotometer, PerkinElmer Inc., United States) of press-transferred thin 

film samples and by comparing the positions of the absorption peaks corresponding to S11 and S22 

electronic transitions with previously published empirical values47. 

The number size distribution at the outlet of the CVD reactor was determined by a scanning 

mobility particle sizer with condensation particle counter (SMPS+C system, GRIMM Aerosol 

Technik GmbH, Germany) consisting of a differential mobility analyzer (Vienna type DMA with 

electrode length 88 mm) and a condensation particle counter (Model 5414 CPC, cutoff size d50 = 

4 nm) and was kept at or below 106/cm3 by adjusting the catalyst precursor feed to prevent 

excessive SWCNT agglomeration during growth32.  

Iron nanoparticle agglomerates were produced using a spark discharge generator (SDG). We 

have previously used the SDG as a catalyst source for SWCNT growth28, using different 
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generator settings. Here, the particle size was increased, by increasing the discharge energy and 

decreasing the N2 volume flow rate, to match the electrical mobility diameter of the SWCNTs 

and to reduce diffusive losses in the aerosol lines. The output of the spark discharge generator 

was mixed with additional filtered N2 to obtain a total flow of 300 cm3/min for deposition and to 

achieve a total flow of 1 l/min for measuring the number size distribution. The aerosol was 

passed through a vertical CVD furnace with a set temperature of 880OC for further 

agglomeration and sintering.  

The number size distribution of the produced Fe nanoparticle agglomerates was measured 

using a SMPS+E system (scanning mobility particle sizer with electrometer, GRIMM Aerosol 

Technik GmbH, Germany) consisting of a differential mobility analyzer (Vienna type Nano-

DMA, cutoff < 1 nm) and a Faraday cup electrometer (FCE, sensitivity of 0.1 fA). 

Deposition efficiency measurements 

The number concentration of aerosol passing through the thermophoretic precipitator was 

measured using a condensation particle counter (Model 5414 CPC, cutoff size d50 = 4 nm, 

GRIMM Aerosol Technik GmbH, Germany). A particle-free flow of laboratory air, filtered using 

an in-line HEPA filter cartridge (Balston DFU, Parker Hannifin Corp., United States) was used 

to match the CPC’s volume flow rate of 300 cm3/min when lower flow rates through the 

precipitator were used. The volume flow rates were measured using a primary flow calibrator 

(Gilian Gilibrator 2, Sensidyne, LP, United States). The temperatures of the TP plates were 

monitored using K-type thermocouples (Fluke Corp., United States) clamped to the plates. Both 

measurements were carried out with a logging interval of 10 seconds. 
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Thin film transistor fabrication 

Device fabrication was carried out by removing SiO2 from one side of Si/SiO2 chips with 100 

nm thermal oxide on both sides using buffered hydrofluoric acid, after which a common back-

gate electrode (Al, 250 nm) was deposited on the bared doped Si by sputtering. Source and drain 

electrodes (Ti and Au, 5 and 40 nm) were patterned on the oxide using photolithography and 

electron beam evaporation, after which SWCNTs, synthesized at 850OC with 0.25 vol.-% CO2 

(the d = 1.2 nm population) were deposited on the samples by the thermophoretic precipitator. 

SWCNTs outside the TFT channel areas were removed by covering the channels with 

photoresist (AZ 5214E, Microchemicals GmbH, Germany) and applying reactive ion etching 

using an O2/Ar plasma. Before measuring the device properties, the photoresist was removed 

using commercial photoresist remover (AZ 100 Remover, Microchemicals GmbH, Germany) 

and the chips were washed in isopropyl alcohol and dried on a hot plate flushed with filtered dry 

nitrogen. 

Supporting Information 

Calculations of the thermophoretic terminal velocity based on the models of Li and Wang and 

Talbot et al., full sets of deposition efficiency measurements, TFT transfer curves for all 

characterized devices, an evaluation of the ON state resistance of devices as a function of the 

channel length, and micrographs of deposited SWCNTs on polymer substrates and prefabricated 

microstructures. This material is available free of charge via the Internet at http://pubs.acs.org.  
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