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Abstract 

Single-walled carbon nanotubes (SWCNTs) possess extraordinary physical and chemical 

properties. Thin films of randomly oriented SWCNTs have great potential in many opto-electro-

mechanical applications. However, good adhesion of SWCNT films with a substrate material is 

pivotal for their practical use. Here, for the first time we systematically investigate the adhesion 

properties of SWCNT thin films with commonly used substrates such as glass (SiO2), indium tin 

oxide (ITO), crystalline silicon (C-Si), amorphous silicon (a-Si:H), zirconium oxide (ZrO2), 

platinum (Pt), polydimethylsiloxane (PDMS), and SWCNTs for self-adhesion using atomic force 

microscopy. By comparing the results obtained in air and inert Ar atmospheres we observed a great 

contribution of the surface state of the materials on their adhesion properties. We found that the 

SWCNT thin films have higher adhesion in an inert atmosphere. The adhesion in the air can be 

greatly improved by a fluorination process. Experimental and theoretical analyses suggest that 

adhesion depends on the atmospheric conditions and surface functionalization.

TOC GRAPHICS

Keywords

Single-walled carbon nanotubes, thin films, adhesion energy, ambient conditions, inert 

atmosphere, fluorination 
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3

The unique properties of single-walled carbon nanotubes (SWCNTs) are attracting 

extensive interest from the scientific community for different applications1–7. The usage of 

SWCNT networks as efficient transparent conductors is a particular challenge in terms of obtaining 

conformal films with smooth surfaces as well as creating a firm contact between the film and other 

materials8. The substrate material considerably influences the adhesion of the SWCNT films. The 

performance of many SWCNT applications is governed by Van der Waals (VdW) interactions 

with the substrate9–11, in particular when nanotubes are used as transparent electrodes in opto-

electronic devices8. The contact between the nanotube film and substrate material impact the 

interface properties that affects the device efficiency12,13. In a SWCNT network, many nanotubes 

overlap and are suspended over each other without getting in contact with the substrate material, 

for example in SWCNT/Si solar cell devices decreasing their  performance14,15. To overcome this, 

novel approaches have been proposed such as densification of SWCNTs15–17, acid doping16–18, and 

impregnating SWCNTs with conductive polymers19,20. Thus, better understanding of the adhesion 

of nanotube films and the associated mechanisms are important for long-term reliability of devices 

employing the SWCNT films21,22. 

The significance of the SWCNT adhesion has been discussed10,23–25 through lateral atomic 

force microscope (AFM)9,22,23,26,27, tapping mode AFM24, dynamic force AFM25, and theoretical 

works using continuum analysis and atomistic simulations11,28,29 probing the adhesive properties 

of SWCNTs with other materials and between nanotubes themselves11,21,22,26,27,29–31. Reported 

methods have been deduced using either a hypothesis for the interaction of SWCNTs with its 

environment11,29 or experimental quantification of multiwalled carbon nanotubes or individual 

nanotube loop adhesion energy22,26,27. However, the experience from SWCNT thin film 
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4

applications clearly indicates that the interaction of SWCNT films with the substrate is still an 

open question. 

Here, we quantitatively evaluate the interaction of SWCNT thin films with various 

commonly used substrate materials (henceforth called materials) using atomic force microscopy 

(AFM) in air and inert Ar atmospheres. The materials chosen include glass (SiO2), indium tin oxide 

(ITO), crystalline silicon (C-Si), amorphous silicon (a-Si:H), zirconium oxide (ZrO2), platinum 

(Pt), polydimethylsiloxane (PDMS), and SWCNTs for self-adhesion measurements. We show that 

the adhesion of randomly oriented SWCNT thin films is strongly influenced by the atmospheric 

conditions and surface functionalization of the material. The measurements demonstrate higher 

adhesion in inert atmosphere, but adhesion in air can be greatly improved by a simple fluorination 

process. 

We utilized aerosol synthesized SWCNTs32,33, which are dry-transferred from a 

nitrocellulose filter34 to a desired substrate, which is a Si wafer in this case. Figure S1a in 

supporting information (SI) shows the cross-sectional SEM image of the SWCNT thin film on the 

Si wafer and surface of randomly oriented closely connected individual and bundled nanotubes. 

The thickness of the film was about 44 nm by SEM as shown in Figure S1a and verified from the 

absorbance spectrum Figure S1b as described by Mikheev et al.35. This film was investigated in 

an atomic force microscope by collecting force-distance (F-D) curves between the SWCNT thin 

film sample and cantilevers coated by a given material as shown in Figure 1.
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5

Figure 1. Cantilever tips covered with different materials: Si, ZrO2, a-Si:H, ITO, PDMS, SiO2, 

SWCNT, and Pt.

A flexible lever of the AFM cantilever is clamped from one side on a Si chip installed in a 

cantilever holder. The other free-standing side with a sharp tip is brought to several tens of nm 

above the sample surface. Upon the approach, the distance between the tip and the sample is 

reduced, the tip touches the sample and sets a compressive force on it, which value is determined 

from the lever upward bending using Hooke’s law, , where k is the cantilever spring 𝐹 = 𝑘∆𝑑

constant, and Δd is the distance from onset of the compressive force to the setpoint. After reaching 

a predefined setpoint force, the tip is retracted from the sample and detach from it at an attractive 

force (downward lever bending), which is a measure of the adhesion force36–38. This force depends 
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6

on the experimental conditions such as the maximum force load and the cantilever tip radius. 

Collected maps of F-D curves (averaged over 65, 536 measurements in air and 1024 measurements 

in inert Ar atmosphere, as detailed in SI section S1) were analyzed by the microscope software. 

The sample deformation, adhesion force, and peak force values are extracted from F-D curves38 as 

shown in Figure S2. Peak force, or maximum force load, is a predefined set point parameter that 

is controlled by a microscope feedback loop system.

In order to determine and compare intrinsic adhesion parameters between SWCNTs and a 

given material, the measured adhesion force must be normalized by the tip-CNT contact area, 

which is governed by aforementioned force load and tip radius. We used the Hertz model39 to 

estimate the tip-surface contact area at the extremum applied force as  where Rtip 𝑆 = 𝜋 × 𝑅𝑡𝑖𝑝 × ℎ,

is the tip apex radius and h is the deformation. Within this model we assumed that the tip apex is 

a rigid sphere of a certain radius Rtip, which was measured on the dimpled aluminum substrate40 

(Table S1), the CNT surface is elastic half space, and the strain is in the elastic limit. We neglected 

surface roughness as well. Despite the fact that in the Hertz model the contact is nonadhesive, it 

can be accurately applied to adhesive contacts when the adhesive force is small as compared to the 

applied force. The maximum applied force is limited due to the fact that the probe is likely to drop 

through a meshy SWCNT surface upon high force loading. As a result, the tip-sample contact area 

sharply increased due to side contacts of the tip with surrounding CNTs, leading to the boost of 

the adhesion force (e.g. Figure 2a and 2b shows the change in the slope of adhesion force with 

deformation for ZrO2 at a peak force of 50 nN as in the inset). With this assumption we attribute 

the moment of the tip drop with the slope break in the plots shown in Figure 2a and 2b, respectively. 

With increasing applied force, the adhesion force demonstrates a gradual linear growth. Applying 

the force of 50 nN resulted in a steep gain of the adhesion force and in some cases cutback of the 
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7

deformation as shown in Figure 2b and corresponding F-D curves in Figure S2. The plots for other 

materials are available in Figure S3. For all the materials the slope break happened after 50 nN 

applied force, so we used this value for the Hertz model. The measured adhesion force (AF) as 

described above36–38 and the calculated surface adhesion force density (SAFD), which is the 

adhesion force normalized to the contact area, are represented in Figure 3 and Figure S4.

Figure 2. Adhesion force versus deformation measured in (a) air and (b) inert Ar atmospheres 

between SWCNT film and ZrO2.

Page 7 of 22

ACS Paragon Plus Environment

The Journal of Physical Chemistry Letters

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



8

Figure 3. Adhesion force (AF) (right axis, solid bars) and surface adhesion force density (SAFD) 

(left axis, dashed bars) of SWCNT thin films with various materials.

For all studied materials, the normalized adhesion force (adhesion force density) in the 

inert Ar atmosphere is higher than in ambient air, which can be explained by the difference in the 

ambient humidity and its influence on the SWCNTs as shown by Shandakov et al.41. The relative 

humidity (RH) can affect adhesive properties, especially in nanoscale, due to formation of a 

capillary bridge when RH exceeds roughly a threshold value of 25%42–44. The capillary force 

strongly depends on the sample local curvature, which affects the capillary bridge geometry 

resulting in higher adhesion force for concave surface and smaller adhesion force for convex 

surface42,45. On hydrophilic surfaces, increasing humidity results in increasing the pull-off force, 

whereas on hydrophobic surfaces humidity has negligible effect46,47. Since SWCNTs are 

hydrophobic48 and possess convex surface geometry, the capillary bridge effect is likely to be 

negligible. Instead, the smaller adhesion force in air is better explained by the reduction of the 

VdW forces in a polar water medium between the tip and the SWCNT thin film28,49 (SI Section 

S3.1 Discussion). 

The experimentally measured adhesion force shown in Figure 3 can explain the following 

observations: SWCNTs thin film are easily dry-transferred onto a-Si:H, Si, SiO2, and PDMS in 

air, while under the same conditions the transfer onto ITO and Pt is complicated and completely 

failed on ZrO2. However, the same SWCNT thin films are easily dry-transferred on all the 

materials in an inert atmosphere. 

To verify that the adhesion force is strongly dependent on the humidity, we fluorinated the 

a-Si:H, C-Si, ZrO2, ITO, and Pt coated tips. The process of fluorination is well-known to alter the 

surface properties of materials without changing the bulk characteristics of the pristine 
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9

material50,51. The altered properties may concern wettability, adhesion, chemical stability, 

permeation, electrical conductivity, bio-compatibility, grafting, mechanical behavior, and several 

others50. We used the dry process fluorination, which proceeds spontaneously at room temperature 

by exposing the samples to hydrofluoric (HF) vapor for 60 seconds. Each tip was calibrated once 

again immediately after the HF treatment and the adhesion force measurements were conducted 

on the same SWCNTs thin film in air at the peak force of 50 nN. The measured adhesion forces 

were recorded for the HF treated tips and shown in Figure 3 showing that the adhesion force 

increased for all HF treated tips. This trend is similar to the adhesion force measurements 

conducted in the inert atmosphere. Moreover, after the fluorination process SWCNT films can be 

easily dry-transferred even on the problematic materials, such as ITO, Pt, and ZrO2. 

To understand the role of fluorination in improving the adhesion of SWCNT thin films and 

its chemical composition, X-ray photoelectron spectroscopy (XPS) was carried out on ZrO2 and 

a-Si:H tips (SI section S4). The XPS infers that fluorinating the surface of the material in air 

modifies the chemical composition by partially eliminating the presence of humidity and creating 

fluorine terminated Zr and C bonds (Figure S5 d, e, f, g, and h), which aides in improved adhesion 

and explains the easy dry-transfer of SWCNTs on ZrO2 after HF treatment at ambient conditions.

The experimental measurements were realized in three different conditions using atomic 

force microscopy: ambient air, HF treatment in air, and inert Ar atmosphere.  Ambient air leads to 

material surface contamination and the use of HF treatment in air helps to partially clean it by 

elimination of the native oxides and water vapor as was demonstrated in a number of experimental 

and theoretical works52–54.  

In order to explain the dependence of SWCNT thin film adhesion on the different materials 

and environmental conditions, we carry out density functional theory (DFT) (described in SI 
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10

section S5). In compliance with our experimental conditions, three different cases with Si, Pt, ITO, 

and SiO2 materials are studied however replacing SWCNTs with graphene monolayer. Inert 

atmosphere conditions are realized as the graphene monolayer on the clean material surface, HF 

treatment in air is simulated as the graphene monolayer on the hydrogenated material surface. In 

the calculations HF treatment in air is considered as hydrogenated surfaces and not specifically 

with fluorine atoms as the intention was to analyze the effects of different environmental 

conditions only. Also, data on fluorinated bonds was too limited for detailed DFT analysis in our 

case.  Finally, ambient air conditions are represented as the graphene monolayer on the material 

surface passivated by OH or CO groups52,55,56.

Calculation of the adhesion energy attributed to the VdW interaction was made directly by 

the following equation:

,𝐸а𝑑ℎ (
eV

Å2) =
1
A(𝐸𝑡𝑜𝑡𝑎𝑙 – (𝐸𝐶 +  𝐸𝑠𝑢𝑏)) (1)

where A is the contact area between the graphene and the substrate in the unit cell, Etotal is the total 

energy of the graphene/substrate system, EC and Esub are the energies of separate graphene and 

substrate, respectively.

A comparison of the calculated adhesion energy (Eadh) and experimental adhesion force 

density (SAFD) for Si, Pt, ITO and SiO2 under different conditions is shown in Figure 4. Here, 

theoretical and experimental values are shown by solid bars (left axis) and dashed bars (right axis, 

logarithmic scale), respectively. By blue (Ar), orange (HF), and grey (Air) colors, we depict the 

inert atmosphere, HF treatment in air, and ambient air conditions, respectively. Atomic models of 

pristine interfaces (as in the inert atmosphere) after the DFT optimization are shown below the 

corresponding material names in Figure 4. For the Si case, optimized atomic models of the 
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11

interface passivated by H (HF treatment in air) and OH (ambient air) are shown as well in the 

dashed box (bottom left). The other atomic models are represented in Figure S6.

Figure 4. Comparison of the calculated adhesion energy (left axis, solid bars) and experimental 

adhesion force density (right axis, dashed bars) for Si, Pt, ITO and SiO2 under different 

environmental conditions, where Ar corresponds to the inert atmosphere, HF stands for HF 

treatment in air, and Air is the air condition. Atomic models of pristine interfaces (as in the inert 

atmosphere) and Si surface functionalized by H or OH groups are shown as an example below the 

corresponding graphs. The other atomic models are shown in Figure S6.

From Figure 4, we see a good correspondence between the experimental measurements and 

DFT simulations yielding the main effect of adhesion change under different conditions. Indeed, 

for every case of the graphene-material model, the pristine surface (blue solid bars) have higher 

adhesion energies than for the hydrogenated surfaces (orange solid bars). Also, the hydrogenated 
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12

surfaces have stronger interaction with graphene than in the case of their passivation by OH or CO 

groups (grey solid bars). The same monotonous trends are observed for the experimentally 

measured SAFD values shown in the logarithmic scale for a better representation (dashed bars).

From the DFT simulations, we can conclude that contaminated material surface in ambient 

air worsen the adhesion with graphene (carbon nanotubes). But, through preliminary HF treatment 

of the material surface, native oxides and water vapors are possibly partially eliminated that results 

in improved adhesion for graphene (carbon nanotubes). At the same time, the inert atmosphere 

conditions allow to additionally get rid of any intermediate functional groups on the surface of the 

material and approach to almost direct interaction of the partially clean SWCNT and AFM tip as 

demonstrated in the real experiment.

In summary, for the first time we carried out adhesion force measurements of randomly 

oriented SWCNT thin films in air and inert atmospheres with various materials deposited directly 

on the AFM tips. Quantitative values were derived for the adhesion force from the force-distance 

curves by estimating the tip-surface contact area according to the Hertz model. Through 

experimental observations and theoretical simulations, we conclude that the adhesion is greatly 

influenced by the environmental conditions and the surface functionalization. We observe that the 

SWCNT thin films have better adhesion in an inert atmosphere.  The adhesion affected by storing 

the samples in the ambient air conditions can be greatly improved by a simple fluorination process. 

The present work provides new insight to the physical mechanisms of SWCNT thin film adhesion 

that will succeed in its efficient usage with its exceptional properties for future roll-to-roll 

applications.
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Supporting Information.

Methods (S1), SWCNT film characterization (S2), AFM measurements (S3), Discussion (S3.1), 

XPS of ZrO2 and a-Si:H cantilever tips (S4), Theoretical Simulation of adhesion energy (S5).
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