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carbon nanotube tips for atomic force microscopy
neil r. Wilson1 and Julie V. Macpherson2*

The development of atomic force microscopy (AFM) over the past 20 years has had a major impact on materials science, sur-
face science and various areas of biology, and it is now a routine imaging tool for the structural characterization of surfaces. The 
lateral resolution in AFM is governed by the shape of the tip and the geometry of the apex at the end of the tip. Conventional 
microfabrication routes result in pyramid-shaped tips, and the radius of curvature at the apex is typically less than 10 nm. As 
well as producing smaller tips, AFM researchers want to develop tips that last longer, provide faithful representations of com-
plex surface topographies, and are mechanically non-invasive. Carbon nanotubes have demonstrated considerable potential as 
AFM tips but they are still not widely adopted. This review traces the history of carbon nanotube tips for AFM, the applications 
of these tips and research to improve their performance.

The impact of scanning probe microscopy (SPM) over the past 
20 years has been dramatic: its invention was, for example, 
recently rated the second most important advance in materials 

science of the past 50 years1. Breakthroughs in fields as wide rang‑
ing as cell biology and semiconductor research have been driven by 
SPM through its ability to map not only surface topography, but also 
material properties at the nanoscale. SPM techniques are diverse in 
their nature but share common features, in particular the use of a 
probe to detect a spatially localized signal. In most cases it is the 
probe that limits the spatial resolution of the technique.

The most common form of SPM is atomic force microscopy 
(AFM)2 where the probe is a sharp tip, usually mounted on a micro‑
scale cantilever that acts to transduce the tip–sample force (the 
localized signal). A map of surface topography is constructed by 
scanning the tip across the substrate. The resultant image is a convo‑
lution of the tip geometry with the surface topography. Commercial 
AFMs can have sub‑ångström noise levels, but the realizable lateral 
spatial resolution is limited by the tip geometry and is typically 
around two orders of magnitude larger. For an ideal AFM tip, the 
exact tip geometry and chemistry should be known, the tip dimen‑
sions should be as small as possible without sacrificing rigidity, and 
the probe should be capable of imaging over a long lifetime, while 
maintaining a constant geometry.

Attempts have been made to create ‘ideal’ tips using methodolo‑
gies such as focused ion‑beam structuring of the tip apex3. However, 
the above requirements are perhaps best met by carbon nanotubes: 
cylindrical shells of graphene with diameters as small as 1 nm 
(ref. 4). Indeed, carbon nanotubes show great promise as AFM tips 
despite the substantial challenges involved in their fabrication. This 
article reviews the progress that has been made in the production 
and application of carbon nanotube AFM tips since their arrival on 
the SPM scene in 1996 (ref. 5).

AFM probes have come a long way since the use of a diamond 
shard glued onto a hand‑cut gold foil cantilever6. The breakthrough 
in tip technology came with the application of microfabrication 
techniques to mass produce AFM tips7. Silicon and silicon nitride 
can now be processed routinely to form cantilevers with the appro‑
priate spring constants and resonance frequencies and integrated 
pyramidal (or conical) tips for imaging. Although this top‑down 
microfabrication route has many advantages, there are limitations, 
such as control over the exact geometry at the very apex of the tip. 
Tip geometry can be characterized by deconvolution of images of 

defined sample structures. However, this is of limited applicability 
as most AFM‑based techniques involve contact with the sample 
at least intermittently, which can result in damage to the tip apex 
and a changing geometry over time. The tip apex is also crucially 
important in quantifying tip–sample forces. Beyond the tip apex, 
the aspect ratio of the probe is also significant. The cone angle of 
a tip is defined by the microfabrication process7, and for samples 
with high‑aspect‑ratio features, such as trench structures common 
in semiconductor processing, the ability of microfabricated tips to 
accurately map the topography is limited8.

The defining features of carbon nanotubes are their nanometre‑
scale diameters and high aspect ratio. They also show remarkable 
mechanical and electrical properties associated with the graphene 
sheet from which they are formed — in particular, exceptionally 
high Young’s modulus, toughness and electrical and thermal con‑
ductivity4. Carbon nanotubes come in two forms: single‑walled 
nanotubes (SWNT), which have only one shell and typical diam‑
eters of 1–3 nm, and multiwalled nanotubes (MWNT), which have 
multiple concentric cylinders with typical diameters of 5–100 nm. 
The cylindrical nature of the nanotubes confers stiffness perpendic‑
ular to their axis, and their toughness means they reversibly buckle 
rather than break when subjected to axial compression9. Combined, 
these properties make nanotubes a near‑ideal imaging probe, and it 
was only five years after their discovery that they were first used as 
AFM tips5. As expected, they showed not only high spatial resolu‑
tion but also robustness and wear resistance.

nanotube tip fabrication
There are two key aspects to the fabrication of nanotube AFM tips: 
attachment — the nanotube(s) must be fixed to the AFM probe 
so that they become the imaging point; and modification. Several 
stages may be involved; for example, the attachment may require 
strengthening, the nanotube(s) may need to be shortened for imag‑
ing purposes and chemical functionality may need to be added. 

The resulting nanotube tip is characterized by its length, lnt, 
radius, rnt, and orientation (angle with respect to the surface, θ) — 
factors that determine the rigidity, resolution and imaging charac‑
teristics of the tip, as discussed in Box 1. Importantly, control over 
these parameters allows optimization of the tip for different AFM 
applications. For widespread use, reproducible fabrication processes 
for a variety of nanotube tips must be developed at prices competi‑
tive with standard microfabricated tips. Here we review some of the 
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more common fabrication techniques and evaluate their promise 
for achieving this goal.

Direct manipulation. The first nanotube tips were made by 
direct manipulation of MWNTs onto standard microfabricated 
AFM probes5. Silicon tips, coated with an adhesive and under 
direct view in an optical microscope, were brought into contact 
with a small bundle of MWNTs. After attachment, it was often 
observed that one nanotube, typically with a diameter of 5–20 nm, 
extended from the bundle to form the tip apex. Using this simple 
approach both high‑resolution topographic AFM imaging and 

atomic‑resolution scanning tunnelling microscopy imaging 
were demonstrated with the same nanotube tip. However, this 
process was limited as the thicker, more easily visible, bundles 
were selected preferentially for attachment. Further work 
extended the technique using nanomanipulators inside an 
electron microscope10,11, which allowed greater control over the 
length, diameter and orientation of the nanotube tip (usually a 
MWNT). Controlling lnt by cutting with nanomanipulators has 
been demonstrated12,13, as has ‘nanowelding’ — that is, using the 
electron beam to fix the nanotube to the tip14. Direct manipulation 
in this way controls many of the critical parameters. However, it is 

Nanotube tips are characterized by their length, lnt, and angle rela‑
tive to the surface, θ (panel a). The nanotube radius, rnt, limits the 
spatial resolution and has an impact on the usable length of the 
nanotube tip. The nanotube acts as a beam clamped at one end, 
and as such it will buckle when the axial load exceeds the buck‑
ling force, Fb. Panel b shows a transmission electron microscope 
(TEM) image of a nanotube tip89; the blurring of the lower por‑
tion of the nanotube is due to thermally induced oscillations (with 
amplitude Ath). Combining continuum mechanics and the equi‑
partition theory, it is trivial to find the following parameters:

where kl is the nanotube’s lateral spring constant, αnt the flexural 
rigidity, Ynt Young’s modulus, kB Boltzmann constant and T the 
temperature. For robust imaging, Ath < 0.5 nm and Fb > 10 nN; 
these constraints are plotted in c using Ynt = 1 TPa and T = 300 K.

This simple model is only a guide. However the constraints on 
the usable length are clear: a nanotube with rnt = 0.5 nm should be 
shortened to lnt ≤ 10 nm, whereas at rnt = 10 nm, lnt ≤ 1 μm. For 
a nanotube tip composed of a bundle of nanotubes, the effective 
Young’s modulus is much lower than 1 TPa (ref. 90), however the 
trend of a thicker bundle allowing greater lnt holds true. Coating 
the nanotube tip increases the flexural rigidity and so also allows 
greater lnt (refs 38, 85).

The tapping mode force–distance curve characteristic of a 
nanotube tip89 (d) and a corresponding schematic (e) are shown. 
‘Extend’ and ‘retract’ refer to the tip being moved towards and 
away from the surface, respectively. At point α the nanotube tip 
contacts the surface at the bottom of the tip oscillation. As it is 
lowered further the amplitude decreases until at β the oscillation 
is damped completely and the cantilever deflects. The axial force 
on the nanotube increases until at point γ the force exceeds Fb, the 
nanotube buckles and the tip oscillates again. The reversibility of 
the buckling, evident from the observation that ‘retract’ matches 
‘extend’, is a distinctive signature of a nanotube tip5.
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Box 1 | Characterizing a nanotube tip
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difficult to envisage how the process could be scaled up to provide 
commercially available nanotube tips at competitive prices, given 
the time‑consuming and serial nature of the process.

Chemical vapour deposition growth. A major breakthrough 
in carbon nanotube research came in 1998 through the use of 
catalysed chemical vapour deposition (cCVD) for the growth of 

nanotubes from transition‑metal catalyst particles15–17. A year after 
its development cCVD was used for the fabrication of MWNT 
tips18, and then SWNT tips19, by growing the nanotubes in situ onto 
catalyst‑coated silicon tips, as shown in Fig. 1a. The key advantage 
of direct growth onto the tip is the easy route to batch fabrication; 
wafer‑scale growth of SWNT tips for high‑resolution imaging was 
demonstrated as early as 2002 (ref. 20). Although the nanotube 
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Figure 2 | Coated nanotube AFM probes. a, TEM images of a gold nanowire probe formed by sputtering onto a nanotube tip (left) and an enlarged view 
of the nanowire (top and bottom right). Reproduced with permission from ref. 38 (© 2003 ACS).  b, Polymer (Parylene C)-coated nanotube tip, with the 
apex exposed using a laser (right inset). Reproduced with permission from ref. 85 (© 2004 ACS).

Figure 1 | Preparation of nanotube tips. a, Surface growth cCVD nanotube tip preparation. Top: Schematic of the growth process. Bottom: TEM image 
of an individual SWNT tip produced using this technique. Reproduced with permission from ref. 49 (© 2000 Elsevier). b, Cross-sectional TEM images 
of an individual bamboo morphology nanotube on a cantilever produced by directional-growth plasma-enhanced CVD. Top: 90° side view with ×1,500 
magnification. The nanotube has a 60-nm tip diameter, is 5 μm long, and has a tilt angle of 13° with respect to the cantilever. Bottom: Nanotube tip end. 
The nickel catalyst wrapped within thin graphite layers is clearly visible. Reproduced with permission from ref. 24 (© 2004 ACS).  c, Nanotube attachment 
through ‘pick-up’. Top: Schematic depicting the process by which a microfabricated pyramidal tip picks up a vertically aligned carbon nanotube. Bottom: 
TEM image of a 0.9-nm-diameter SWNT tip produced by ‘pick-up’. Reproduced with permission from ref. 21 (© 2001 Elsevier).
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growth step itself is relatively cheap and simple, reproducibility 
seems to be problematic. To grow tips composed of just one 
nanotube at high yield, statistics dictate that nanotube growth must 
be controllable at the single nanotube level, which is challenging. 
Bundles of nanotubes, however, are easier to grow controllably and 
so it is possible that nanotube bundle AFM tips could be reproducibly 
fabricated by this technique in the near future.

Control over lnt is critical for the application of nanotube tips 
for imaging (see Box 1), but this is difficult to achieve in the growth 
process. Instead, lnt can be controlled by post‑growth shorten‑
ing, usually by electrical etching12,21. The diameters can also be 
controlled (to an extent) by adjusting the growth conditions, 
however orientation is harder to manipulate. Alignment during 
cCVD growth has been demonstrated by the application of elec‑
tric fields22. This has most successfully been applied for nanotube 
tip growth through the use of plasma‑enhanced CVD23. The most 
noteworthy example has been by Ye et al.24, who achieved wafer‑
scale growth of AFM tips, each consisting of a single MWNT, 
40–80 nm in diameter and 2–6 μm in length, grown directly onto 
a tipless silicon cantilever, at angles of 10–20° with respect to the 
beam. Using plasma‑enhanced CVD, it was thus possible to gain 
control over the length, diameter and orientation of the MWNT, 
as shown in Fig. 1b, to create nanotube tips optimized for critical 
dimension imaging.

Pick-up. SWNTs grown on smooth silicon oxide surfaces by cCVD 
mostly lie flat on the substrate, owing to the strong van der Waals 
interactions between them. However occasional nanotubes grow 
upwards with only their base in contact with the surface. Lieber and 
co‑workers found that when scanning such surfaces (termed ‘pick‑
up’ plates), if the AFM tip touched an upstanding nanotube, van 
der Waals forces attached the two so strongly that the nanotube was 
‘funnelled’ through the tip apex to maximize contact, thus creating 
a nanotube tip (Fig. 1c)21. This is a quick, flexible and reproducible 
technique. Multiple nanotubes can be picked up by scanning 
larger areas to create bundle nanotube tips; owing to high aspect 
ratio and small diameters, the van der Waals interactions between 
nanotubes are also strong (~1 eV nm–1 for SWNTs25) resulting in 
their aggregation to form well‑aligned, close‑packed bundles that 
are stiffer than individual nanotubes26. With care, just one nanotube 
can be attached; however, bundle tips often show greater stability 
owing to the greater attachment area over which the van der Waals 
interactions act. As in direct growth, there can be little control over 
the orientation of the nanotube tip.

With ‘pick‑up’, AFM tips pre‑coated with almost any material 
can be used. In this way it is therefore possible to provide a good 
electrical connection to the nanotube using metal‑coated tips27,28, or 
to increase adhesion using polymer‑coated tips21,29. The present lim‑
itation is the availability of ‘pick‑up’ substrates. Even though each 
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Figure 3 | Topographical demonstrations with nanotube tips. a, High-resolution imaging. The chaperonin protein GroES, imaged with a cCVD surface-
grown SWNT tip. The large scan area in the left image shows both ‘dome’ and ‘pore’ conformations, representing the two sides of GroES facing up. A 
higher resolution image of the pore side (middle) shows the heptameric symmetry, which matches well with the crystal structure shown on the right. 
Reproduced with permission from ref. 52 (© 2000 PNAS).  b, A comparison of AFM images of 280-nm-spaced, 300-nm-deep trenches in photoresist 
obtained with a conventional silicon probe and a nanotube probe. The improvement in the ability of the nanotube tip to map surface topography is clearly 
evident. Adapted with permission from refs 58 and 91.
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substrate can be used to make thousands of nanotube tips, there is, 
as yet, no commercial source of high‑quality ‘pick‑up’ samples21,30.

Solution-based approaches. The challenge of solubilizing nanotubes 
is critical to their widespread use in areas from composites to 
biosensors31. Once in solution, a range of processing techniques 
become available, such as separation of nanotubes according to 
electronic32,33 and/or physical34 structure. Controlled deposition from 
solution to substrates with specified position and orientation has 
been achieved by surface modification35 and dielectrophoresis14; for 
nanotube tip fabrication dielectrophoresis is particularly promising 
as it gives control over the orientation, length, and to some extent 
the diameter of the nanotube tip36,37. So far, however, there have 
been few demonstrations of nanotube tips fabricated in this way. 
The processing required for solubilization shortens the nanotubes to 
lengths of around 100 nm (decreasing the van der Waals attachment 
strength to the tip) and can damage them significantly. However, 
as processing techniques improve this may become a more fruitful 
fabrication route.

Nanotube tip modification. Modification of AFM tips is essential 
to push beyond the study of topography to material properties 
such as conductivity, electrochemical activity and chemical 
functionality at the nanoscale. Modification typically involves 
either physically coating the AFM tip or chemically modifying 
it, and these approaches can be applied equally well to nanotube 
tips. Metal‑coated nanotube tips have been used for conducting 
AFM38,39, scanning surface potential microscopy40 and magnetic 
force microscopy41,42, and the addition of an insulating layer can 
lead to the creation of nanoelectrodes43, as shown in Fig. 2. These 
coatings, applied post‑nanotube‑tip fabrication, bind the nanotubes 
more securely to the AFM tip, increasing stability and rigidity. The 
increase in diameter of the probe decreases the spatial resolution 
(unless the tip is deliberately re‑sharpened at the apex)40, but the 
increase in functionality opens up new avenues of research, such as 
combined topographic and electrochemical imaging; see below43.

Many different chemical modifications to the nanotube structure 
can also be made. The majority involve opening the nanotube end, 
typically by electrical pulse shortening in air (often creating carboxyl 
groups44,45) and/or chemical derivatization using either gases44, car‑
bodiimide chemistry (covalent)45, or π‑π stacking (non‑covalent)46. 
The well‑defined chemistry of nanotubes is vital for their applica‑
tion as chemically specific nanoscale probes, as discussed below.

Outlook. An AFM tip must bridge the gap from the nanoscale tip 
apex to the microscale cantilever. The combination of top‑down 
cantilever microfabrication with bottom‑up fabrication of a nano‑
tube as the imaging tip allows control and reproducibility at both 
these length scales; the challenge is the rational integration of the 
two. With the fast‑paced advances in the growth and processing of 
carbon nanotubes it is almost inevitable that the problems associ‑
ated with direct growth, pick‑up and solution‑based approaches will 
be overcome. Both the direct growth and solution‑based approaches 
show great promise for scale‑up, particularly for nanotube tips com‑
posed of bundles of nanotubes. The greatest challenge will surely 
be the reproducible production of nanotube tips composed of indi‑
vidual SWNTs, especially given the control required over lnt. It is 
likely that the yield for these tips will always be low, and hence their 
cost high. However, given their potential applications, this may be 
a small price to pay.

nanotube tip application
Nanotube tips have many advantages over conventional AFM tips, 
beyond the obvious increase in topographic resolution. Here we 
review some of the applications that have been demonstrated so far. 
In most cases nanotube tips are used in ‘dynamic’ mode because, 

despite their high rigidity, the nanotubes are prone to deformation 
under lateral forces.

Topographic imaging. The original motivation behind the 
fabrication of nanotube tips was high‑resolution topographic 
imaging. This drove fabrication towards probes composed of 
individual SWNTs, with diameters on the nanometre scale and 
lengths shortened to <20 nm (see Box 1). The high aspect ratio 
and small diameter minimize attractive tip–surface interactions47, 
facilitating imaging both in the repulsive regime — where resolution 
is maximized — and at reduced oscillation amplitudes47. The reduced 
tip–sample attraction allows less invasive imaging — high tip–
surface forces lead to deformation, and in some instances damage, 
of soft samples. Thus nanotube tips are ideally suited to high‑
resolution imaging of biological complexes and have the potential 
to impact significantly on structural biology14,29,48–51. For example, 
Fig. 3a shows an AFM height image of the chaperonin protein, 
GroES (involved in protein folding) taken with a cCVD‑grown 
SWNT tip52. The improved resolution capabilities of the nanotube 
tip enables both conformations of the isolated biomolecule — a ring‑
like structure (11 nm outer diameter) with heptameric symmetry, 
and a dome‑shaped structure of the same diameter — to be imaged 
for the first time. This characteristic of SWNT tips has also made the 
identification of structural intermediates possible — for example, in 
amyloid fibril formation53 (linked to Alzheimer’s disease) — among 
other applications, as detailed in ref. 49.

In principle, the technique is also amenable to real‑time in vitro 
work in physiologically relevant environments, offering an alterna‑
tive characterization approach for those molecules whose struc‑
tures cannot be obtained using techniques such as X‑ray diffraction. 
However, one of the biggest challenges for nanotube tips is low‑force 
high‑resolution imaging under solution. Decreased van der Waals 
forces, and the higher impact forces typically involved in dynamic‑
mode imaging under solution, mean that many of the nanotube tip 
preparation routes described in this review are not suitable for fluid 

1 µm

Figure 4 | Nanolithographic writing with a nanotube AFM tip. Tip writing 
was carried out in tapping mode on a hydrogen-terminated silicon surface. 
Under a negative tip bias, oxide structures are created (white), which show 
a height increase against the H–Si background (black). Reproduced with 
permission from ref. 77 (© 1998 AIP).
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imaging. Attachment forces between the nanotube and tip that are 
sufficient in air are often not strong enough under fluid to prevent the 
nanotube being removed during immersion and/or imaging. Thus 
extra care must be taken when adhering the nanotube to the tip. The 
first demonstrations of imaging under solution involved relatively 
long MWNTs imaging through a shallow water layer so that only a 
portion of the tube was submerged, which minimized the effects of 
hydrodynamic damping5,54. More recently, techniques to strengthen 
the attachment of the tip to the surface have been developed — for 
example, the use of electron‑beam‑deposited carbon55, pre‑coating 
the tip with an adhesive before SWNT ‘pick‑up’21 or coating the tip 
with a polymeric film post attachment56. Using these techniques 
several groups have demonstrated both force‑curve analysis and 
high‑resolution imaging under solution21,55,56.

Tip damage is a common problem in AFM, with quantitative 
image analysis complicated by tip degradation over time. However, 
with nanotube tips this effect is significantly reduced, with reports 
of at least a 20 times improvement in the lifetime over conventional 
silicon probes57. The superior wear characteristics result from the 
reduced tip–sample forces, the strong carbon–carbon bonding 
within the nanotube, and the reversible buckling and bending char‑
acteristics. However, nanotube tips are not immune to degradation 
through contamination (for example, attachment of surface debris) 
during imaging — a problem common to all AFM tips. The robust‑
ness of nanotubes is also important in the application of nanotube 
tips to critical dimension metrology, particularly in semiconductor 

processing. For this, the primary goal is to accurately profile high‑
aspect‑ratio features on substrates, rather than to achieve high lat‑
eral resolution, as shown in Fig. 3b58. The exceptional nanotube 
stiffness allows the use of MWNTs (or bundles of SWNTs) with 
micrometre lengths and aspect ratios of ~100 (see Box 1), enabling 
the probing of structures inaccessible to conventional silicon tips. 
Control over the length and orientation of the nanotube is desirable 
to obtain faithful representations of surface topography and prevent 
imaging instabilities30,59–62.

In AFM it is important to understand the forces and dynam‑
ics involved, not only to aid the interpretation and optimization of 
images, but also as a route for probing interactions on the nanoscale. 
Theoretical work has shown that with nanotube tips, the influence of 
tip–sample forces not only has an impact on the amplitude response, 
and hence imaging capabilities in air and solution during dynamic 
AFM47,63,64, but can also elastically deform the nanotubes creating 
imaging artefacts65. Nanotube orientation has also been shown to 
effect image resolution66. Further work is required to understand the 
optimal operating conditions for nanotube tips to maximize their 
potential impact.

Electrical and magnetic probing. A variety of AFM‑based 
techniques have been developed to investigate electrical properties 
on the nanoscale, and the remarkable electrical conductivity 
of nanotubes makes many of these techniques accessible with 
nanotube tips. By attaching nanotubes to a metal‑coated AFM tip, 
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Figure 5 | Production and application of chemically functionalized nanotube tips. a, Schematic of the opened end of an oxidized SWNT tip and the 
carbodiimide coupling chemistry used in one form of chemical derivatization. b, A representative force–distance curve obtained with a biotin-modified 
SWNT tip on a streptavidin surface in solution; note that the binding force measured (~200 pN; blue line is the retract curve) corresponds to a single 
biotin–streptavidin chemical bond. c, Chemical imaging with functionalized nanotube tips. Left: Schematic of a patterned self-assembled monolayer 
terminating in methyl (CH3) and carboxyl (COOH) end groups. Middle: Tapping-mode phase image of the patterned self-assembled monolayer shown 
in the left panel, obtained with a COOH-terminated tip. Right: Phase image of the same area obtained with a C6H5-terminated tip. Note the inversion in 
contrast. Figure reproduced with permission from ref. 49 (© 2000 Elsevier).
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a stable electrical contact is created27,28. For electrical measurements 
made in contact mode, it is often necessary to stiffen the nanotube 
tip to reduce lateral bending of the nanotube. This can be done by 
using thicker nanotube tips39,67 or by sputter‑coating with metal40. 
The latter process results in probes robust enough for contact mode 
and conducting AFM imaging38, with increased longevity over 
conventional probes.

Electrostatic force microscopy (EFM)68 is a group of dynamic 
SPM techniques sensitive to the long‑range electrostatic forces, which 
are useful in the study of active semiconductor devices, trapped 
charges and work function differences in heterogeneous materials. 
Interpretation of EFM images is complicated by the long‑range nature 
of the electrostatic force, which results in significant contributions to 
the image from the tip beyond the tip apex. This effect can be reduced 
by using high‑aspect‑ratio probes, making nanotube tips ideal EFM 
probes69,70. For similar reasons nanotube tips are also suited to high‑
resolution magnetic force microscopy, which has been demonstrated 
with nanotube tips using either the magnetic catalyst particle, located 
at the end of a MWNT71, or by filling/coating nanotubes with mag‑
netic material41. Selective placement of magnetic material at the tip 
apex removes all long‑range contributions of the tip cone and canti‑
lever, providing the most localized and least invasive magnetic force 
microscopy probe71.

Nanolithography. AFM is not just a tool for imaging, but also 
for manipulation. AFM nanolithography has found widespread 
application in fields such as data storage and device fabrication, 
as well as being of interest in fundamental materials research72,73. 
The interactions are typically electrostatic, electrochemical or 
thermal (all of which usually require a conductive probe), and/
or nanomechanical. Surface modification requires a strong 
interaction, which can result in damage or deterioration of 
conventional AFM probes, and hence inconsistent features. 
Nanotube tips have the obvious advantage of finer resolution 
lithography owing to their approximately nanometre diameter74. 
They also have other benefits such as prolonged lifetimes and 
reduced electromigration, resulting from the high carbon–carbon 
bond strengths75; hydrophobicity, which reduces the effect of 
humidity76; and low work function, which aids in local oxidation 
and field emission77,78.

Typically, nanotube tips are operated in tapping mode; in contact 
mode, instabilities in the tip can affect the resulting shape of the 

feature produced on the surface79 unless the probe has been delib‑
erately stiffened — for example, by the addition of a coating layer28. 
However, even with tapping mode, care must be taken to minimize 
the lateral bending force during writing. Furthermore, the angle at 
which the nanotube protrudes from the tip is also important as this 
can have a role in defining the resultant structure80. However, with 
a nanotube tip it is possible to generate very small reproducible fea‑
tures, for instance, by using a SWNT tip: bit densities of 1.6 Tbits in–2 
(8‑nm‑diameter, 1‑nm‑height bits) were produced by locally oxi‑
dizing titanium74; 6.8‑nm‑diameter bits in ferroelectric thin films 
were formed through localized domain polarization28; and tunnel 
junctions <10 nm in size for use in single electron transistors were 
created by oxidizing aluminium81. By ‘reading’ with the same tip, 
convolution effects are also minimized. Longer writing lifetimes are 
possible and as long as the nanotube is correctly orientated from the 
tip, the resultant pattern is a faithful representation of the movement 
of the AFM piezoelectric positioners, as shown in Fig. 4 (ref. 77).

Chemical sensing. Specific molecular and intermolecular 
interactions are vital for many fundamental processes, especially in 
the life sciences. Examples include molecular recognition between 
receptor and ligand, host and guest, antibody and antigen, and 
complementary DNA strands. The nanonewton‑scale forces involved 
make chemically modified AFM tips an ideal tool for exploring 
these interactions82 and it is even possible to chemically map surface 
functionality. Conventional chemical force microscopy is typically 
limited in its ability to sense individual molecular interactions as the 
standard silicon, and particularly silicon nitride, tips can be difficult 
to chemically functionalize. Thus, chemical modification usually 
involves pre‑coating the tip with gold, followed by the addition of a 
self‑assembled monolayer terminated with the appropriate chemistry, 
which results in an increase in the size of the effective tip. This often 
means that multiple molecular interactions are probed at a time, 
making quantification difficult. In contrast, with nanotube tips not 
only is it possible to directly functionalize the carbon itself, but 
the nanometre‑scale diameter of a SWNT allows measurement of 
interactions at the single‑molecule level45.

So far SWNT tips have been used to directly measure the bind‑
ing force between single protein–ligand pairs45 and map surface 
chemistry (Fig. 5)45. More recently, nanotube tips derivatized with 
nanoparticles83 and quantum dots have been used as carriers and 
‘nanoinjectors’46 (Fig. 6). In the latter work, the needle‑like geometry 

SHSS

SS SH
HS HS 20 nm

Cell exterior

Cytosol

a b

Figure 6 | Schematic of the ‘nanoinjection’ procedure. a, A MWNT–AFM tip with its cargo attached penetrates a cell membrane. On chemical stimulation 
the cargo is released and the nanoneedle is retracted. b, TEM image of a MWNT–AFM tip derivatized with quantum dots (the ‘cargo’). Figure reproduced 
with permission from ref. 46 (© 2007 PNAS).
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of the nanotube tip was used to ‘inject’ protein‑coated quantum dots 
into live human cells, crucially without significant physical disrup‑
tion to the cell membrane or the nanotube. The controlled release 
of a small number of target molecules into cells without physical 
damage could have far reaching implications for medical science 
and biotechnology.

Chemical detection of species is also possible using electrochem‑
istry: electroactive species show characteristic oxidation and reduc‑
tion potentials. By using an electrochemically active AFM tip, biased 
at the appropriate potential, it is possible to correlate the structure 
of a surface with its (electro)chemical activity. This is important in 
corrosion, ion‑channel mapping, neurotransmitter release from 
synapses, and so on84. The smaller the electrode, the higher the 
electrochemical resolution. Preliminary work demonstrated the use 
of vapour‑phase deposited polymers and plasma‑deposited silicon 
oxide to electrically insulate a SWNT tip such that only the end was 
exposed to solution85–87; however no electrochemical imaging was 
demonstrated. Further work used metal‑templated nanotube tips 
coated in an electrodeposited polymer to simultaneously image the 
structure and activity of approximately micrometre‑size electroac‑
tive sites43,88, paving the way for ultrahigh‑resolution (electro)chem‑
ical and topographical imaging.

conclusions and outlook
A readily available source of nanotube tips would further open 
up the AFM imaging world, increasing tip longevity, reducing tip 
imaging artefacts, increasing resolution and decreasing tip–surface 
forces. It would also have a significant impact in key research areas 
such as structural biology, biotechnology, metrology and nanoelec‑
tronics. The question then remains, why are nanotube tips not being 
used routinely for AFM imaging and characterization? The answer 
lies in the fabrication. Even though carbon nanotubes have superior 
material properties, in order to make the transition to mainstream 
applicability, nanotube tips must become an off‑the‑shelf product 
with an accessible price tag. Although microfabrication has proven 
to be an effective technique for mass production of AFM probes, 
the challenge lies in creating an equally efficient process for the inte‑
gration of nanotubes onto these tips. With commercial routes lim‑
ited at present, most users are unlikely to invest time and effort into 
making their own nanotube tips when sharper silicon tips, which 
compete favourably in terms of lateral resolution, are now read‑
ily available. Progress in this area is being made, but obstacles still 
remain, and it is yet to be seen whether these issues are surmount‑
able. However, the significant rewards waiting will ensure that this 
remains an active area for the foreseeable future.
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