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The performance and resolution of atomic force microscopy

(AFM) imaging depends mainly on the quality and shape of

the probe tip, since the obtained AFM image is a convolution

of the tip profile and the sample structure. Therefore, tip radii

that are smaller and aspect ratios that are higher than the

sample features are desirable in order to obtain good images.

Progress in the ability to design, fabricate, and assemble

nanostructures in the size range of a few nanometers has raised

the demand for probe tips with a corresponding resolution.

Standard commercially available tips made of Si or SiN have a

pyramidal shape with a tip radius of the order of 10 nm or

larger and therefore do not image nanostructures with features

in the few nanometer range adequately. One solution to this

problem is the commercially available super-sharp Si probes

with tip radius of 2 nm, which, however, obtain their high

resolution at a price: the sharp tip can break easily during an

experiment.[1] These limitations have stimulated many efforts

to enhance the resolution of AFMby functionalizing the probe

tips with high-aspect-ratio nanostructures. Carbon nanotubes

have demonstrated excellent properties in this respect.[2]

Different approaches for the attachment of the carbon

nanotubes to the AFM cantilever have been developed,[3–8]

and a spatial resolution of only a few nanometers has been

demonstrated.[9] However, the attachment of carbon nano-

tubes to theAFM tip is still a time consuming and very difficult

task, and often results in non-reproducible nanotube config-

uration and placement. The optimal attachment geometry,

with the tip perpendicular to the sample under investigation, is
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particularly hard to realize. Also, the inherent thermal

vibration of long nanotubes can cause difficulties when they

are used for AFM imaging.[9,10] Recent approaches to

overcome these difficulties comprise the growth of multi-

walled carbon nanotubes[11] and the electron beam induced

deposition of carbon nanocones on tipless cantilevers.[12,13]

For a recent review on AFM probes see elsewhere.[14]

Shape-controlled semiconductor nanocrystals are another

very interesting family of nanostructures that can enhance the

spatial resolution of AFM. Tetrapod-shaped nanocrystals are

especially appealing for functionalizing AFM tips. Their

ability to align on a surface with three supporting base arms,

and the fourth arm pointing straight up, resembles an optimal

geometry for the sensing of topography with the fourth,

vertical arm. Recent advances in colloidal chemical synthesis

have led to tetrapod samples with arm lengths of the order of

several hundred nanometers and a diameter at the arm

extremity well below 10 nm. Moreover, the optoelectronic

properties of shape-controlled nanocrystals can extend the

functionality of AFM beyond the probing of topography.

Banin and coworkers, for example, showed that AFM probes

functionalized with spherical core/shell nanocrystals can be

used for near field optical imaging.[15,16]

Here, we report the positioning of single CdTe tetrapods on

flattenedAFM tips and demonstrate the feasibility of these tips,

via the vertical tetrapod arm, for high resolution AFM imaging.

Withour tippreparationweachieve anoptimal probingangle of

908, due to the use of contactmode scanning for the preparation

of the tip flat. This inherently leads toa tip geometrywith the flat

parallel to thesampleplane,which, combinedwiththecapability

of tetrapods to self-align with three arms contacting the surface

and the fourth pointing vertically upward, results in a geometry

where the vertical arm probes the topography at a 908 angle to
the sample surface. The high aspect ratio shape of the tetrapod

arms, with diameters ranging from 5 to 10nm and lengths

ranging from 100 to 300 nm, provides excellent properties for

high-resolution topography scanning. In particular, we find that

the tetrapod-functionalized tips work very well for imaging

surfaces that are covered with nanocrystal samples. Further-

more, our tip fabrication technique could open the way for the

fabrication of high aspect ratio optically and electronically

sensitive probe tips due to the semiconductor properties of the

tetrapods.

Large aspect ratio colloidal nanocrystal CdTe tetrapods

with arm lengths ranging from 100 to 300 nm and diameters

around 10 nm were fabricated by chemical synthesis as

reported elsewhere[17] and dissolved in toluene (see Support-

ing Information Fig. S2 for a TEM image of these very large

tetrapods). The rapid growth of the tetrapod arms led to a

pointed shape (i.e., to a decreasing arm diameter toward the

arm extremity), which is advantageous for our purpose of high

spatial resolution imaging (see Fig. 1b). Figure 1(b and c) show

transmission electron microscopy (TEM) images of tetrapods

deposited by drop casting onto a carbon coated TEM grid. The

images show that the tetrapods self-align, with three arms

contacting the substrate and the fourth arm pointing straight

upward, appearing as a dark circular spot in the image.

A sketch of the tetrapod-functionalized AFM probe is

shown in Figure 1a.
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Figure 1. a) Schematic illustration of a tetrapod positioned on the tip of a flattened AFMprobe

(truncated pyramid and tetrapod dimensions are not to scale). b) and c) TEM images of CdTe

tetrapods with arm length of 100 nm. The tetrapods self-align and the arm pointing straight up

appears in the image as a dark circular spot. d) and e) SEM images of a single CdTe tetrapod

positioned on the flattened edge of an AFM tip.
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The flat areas on the extremity of the AFM tips were

obtained by scanning commercially available AFM tips (SiN

from Veeco) for approximately 1 h (at 60mms�1) in contact

mode on a diamond coated substrate (Nanoworld CDT

coating). Then a thin metal layer of Cr/Au (5/30 nm) or Pd

(30 nm) was evaporated on the tip side of the cantilever. The

CdTe tetrapods dissolved in toluene were deposited on the flat

tip edge from solution using a procedure similar to electro-

static trapping. In electrostatic trapping, the nanoparticles are

polarized by an external field applied to an electrode structure,
Figure 2. a) Schematic illustration of the positioning of tetrapods mediated by external

electric fields on an AFM tip. The small red arrows show the calculated electric field resulting

from the applied voltage for the displayed geometry (calculations were done using the FEMLAB

software). Note that the cantilever and tip pyramid are not to scale. b) Schematic illustration of

electrostatic trapping for planar nanoelectrodes, and c) an SEM image of CdTe tetrapods that

were attracted into the electrode gap by electrostatic trapping.
for example a structure of arrow-shaped

nanoelectrodes, and are directed along the

field gradient to the region of strongest

electric field. This technique has been

widely applied to position spherical nano-

particles between electrode pairs[18–21] and

can be readily extended to nanoparticles

with more complex shapes like tetrapods,

as shown in Figure 2(b and c). To attract

the tetrapods to the tip of the flattened

AFM probe we applied a voltage of 2V to

the metalized tip side of the cantilever.

Figure 2a shows a calculation of the electric

field strength (depicted by the density of

the small red arrows) during the trapping in

a dielectric medium, which illustrates that

the electric field is strongest at the

extremity of the pyramid (due to the

‘‘lightning-rod’’ effect[22]), and therefore

the tetrapods are attracted to this region.

The amount of tetrapods positioned on the

tip flat can be controlled by the concentra-
www.small-journal.com � 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinhe
tion of tetrapods in the solution, and by the

applied voltage and trapping time.

In detail, the flattened AFM probes

were immersed in a diluted tetrapod solu-

tion (tetrapod concentration 7� 10�12
M)

with the tip side up, and an AC voltage of

2V rms at a frequency of 50 kHz was

applied for 1min. The AFM probes were

then taken out of the solution and dried

by nitrogen flow. Finally, the tips were

inspected by scanning electron microscopy

(SEM) from different view angles, as

displayed in Figure 1(d and e). We remark

that the SEM images obtained from tilted

angles (Fig. 1e and Supporting Information

Fig. S3b) reveal that the three base arms of

the tetrapod are in much closer contact with

the surface than one would expect from an

undistorted tetrahedron. Our AFM mea-

surements of the height of the arm near the

center exceed the arm diameter only by a

few nanometers (see Supporting Informa-

tion Fig. S3a) which suggests a strong

distortion of the tetrapod, and indicates

that the arm is in contact with the substrate

over a large portion of its length. This effect

was also observed by Fang et al.[23] and
demonstrates the strong interaction forces between the surface

of the tip flat and the tetrapod.

The tetrapod-functionalized tips were mounted into a

conventional AFMmicroscope (Molecular Imaging Pico Plus/

Veeco Multimode) and used to image different types of

samples in AC or tapping mode under ambient conditions (see

Supporting Information for more images). Figure 3 shows

AFM images of CdTe tetrapods (same nanocrystal sample as

displayed by TEM in Fig. 1[b and c]) deposited on an Si/SiO2

surface by drop casting, which were imaged with the tetrapod-
im small 2008, 4, No. 12, 2123–2126



functionalized probe tips. The complex shape of the tetrapods

is well resolved in the images, in particular the nearly vertical

slope of the upwards-pointing arm. We obtained a maximum

slope of 80% from the steep left and right sections of the

vertical arm that are displayed in the inset of Figure 3a. Our

tetrapod-functionalized tip was also capable of imaging the

small variations in arm diameter on the three supporting arms

that can be seen in the higher magnification TEM image

displayed in Figure 1b. Profiles across the supporting tetrapod

arms near the tetrapod center (see Supporting Information,

Figure 3a) yield a maximum height around 15 nm and confirm
Figure 3. a) and b) Tapping mode AFM images of CdTe tetrapods

deposited on an Si/SiO2 surface obtained with tetrapod-functionalized

probe tips. The width of the vertical arm imaged in (a) and (b) was 50

and 75nm, respectively. The maximum slope of 80% obtained with a

tetrapod tip was obtained from the profile of the vertical arm of the

imaged tetrapod in (a). c) Tapping mode AFM image of CoPt3 nano-

particles with 7 nm diameters (derived from TEM images) deposited on

GaAs surface obtained with a tetrapod-functionalized probe tip. The

insets show the topography profiles along the indicated sections.
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the strong attachment of these arms to the surface, as observed

in the SEM images. The tetrapod in Figure 3a has a maximum

height of 45 nm, which indicates that the vertical arm broke

during sample deposition. In an AFM study on similar CdTe

tetrapods Fang et al.[23] reported a considerable percentage of

tetrapods with shortened vertical arms, and suggested that the

damage was due to capillary forces during the drying process

of the solvent. Figure 3b shows a tetrapod with a maximum

height of 100 nm, and the nearly vertical topography of the arm

pointing upwards is excellently imaged by our tetrapod-

functionalized tip (see line profile in the inset of Fig. 3b). The

blurry tail of the vertical arm in the image is due to instabilities

in the feedback control (similar behavior has been observed

elsewhere[23]), which most probably results from attractive

forces between the two vertical arms (from the imaging and

the imaged tetrapod) during the scan. In order to estimate the

resolution of our tetrapod-functionalized tips we imaged

CoPt3 particles (shown in Fig. 3c), for which we obtained a

diameter of 7 nm by TEM analysis. The full width of the line

profile of a nanosphere in Figure 3c is 30 nm. This leads to a tip

radius of about 10 nm, which is significantly larger than the

5 nm obtained from the TEM analysis of the tetrapod arms.

This difference can be mainly attributed to the adjustments of

the feedback circuit paramenters. We remark that such

nanospheres deposited by drop casting are particularly

difficult to image by AFM, since they get easily picked up

or pushed around by the probe tip.

We find that the tetrapods on the functionalized tips are

very robust. For example, Figure 4 shows an SEM image of the

tip displayed in Figure 1d and e after scanning different

samples for several hours (recording around 20 micron-size

frames). The tetrapod is still in place and undamaged, and the

vertical arm has maintained its original length. The strong

attractive forces between the tetrapod and the flattened

pyramid that are already present by drop casting the tetrapods

from solution onto the tip are an advantage in this application.

Also, the elasticity of the tetrapod arms (Fang et al.[23] found

elastic deformations of the tetrapods deposited on a plane

substrate surface up to cantilever loads of 50 nN) prevents

them from being easily damaged. We note that we did not

observe the crashing of the tetrapod on the tip under normal

non-contact and tapping mode scanning conditions, which

would lead immediately to the complete loss of spatial

resolution due to the flattened tip.
Figure 4. SEM image of the tetrapod tip after several hours of AFM

imaging (about 20 frames of several micron size).
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We remark that future advances in the synthesis of

tetrapods will lead to better shape control, and in particular to

tetrapods with longer arms. This will increase the performance

of tetrapod-functionalized tips in terms of aspect ratio. In

another direction, AFM probes that are functionalized with

semiconductor nanocrystals can lead to applications that sense

not only the topography, but also the optical or electronic

properties of a sample.

In conclusion, we have demonstrated a quick and simple

method to position single tetrapods at the extremity of

flattened AFM tips. Such tetrapod-functionalized tips show

very good AFM imaging performance with respect to spatial

resolution and aspect ratio.
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