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A scanning microscopy probe based on three-dimensionally shaped carbon nanotube (CNT) forests

and its application to atomic-force microscopy (AFM) are reported. Micro-scale CNT forests directly

grown on silicon cantilevers are patterned into cone shapes with the tips of a few individual

nanotubes. The CNT-forest-based probes provide significantly higher mechanical stability/robustness

than the common single-CNT probes. AFM imaging using the fabricated probes reveals their

imaging ability comparable to that of commercial probes. The patterning process also improves

the uniformity of the CNT forests grown on each cantilever. The results suggest a promising future

for CNT scanning probes and their production approach. VC 2013 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4826518]

Atomic force microscopy (AFM) nowadays plays a core

role in materials science, surface physics, and biology, to

name a few disciplines. The technique is considered as one of

the most important inventions in materials science.1 Generally

speaking, AFM is one form of the scanning probe microscope,

which, as the name explains, uses a scanning probe to map the

surface topography of samples.2 The probe typically has a

micro-scale cantilever with a sharp tip formed at its end. The

cantilever serves as a transducer that is used to detect the force

signal exerted by the interaction between the probe tip and the

sample surface. Typical materials used for AFM probes are

silicon (Si) and silicon nitride (Si3N4). These cantilever probes

with desired spring constants and resonant frequency,

morphology, and sharp tips can be mass-produced using

micro-electro-mechanical systems (MEMS) technology.

However, manufacturing AFM probes with high reproducibil-

ity in dimensional control of 10 nm or below at reasonable

costs still remains a major challenge.3 In the full/intermittent

contact mode, the geometry of the tip changes during the

scanning process due to mechanical wear of the tip, deteriorat-

ing the quality of AFM images. Therefore, alternative materi-

als are required for AFM probes with improved performance.

Carbon nanotubes (CNTs) have well-defined nano-scale ge-

ometry and, with three times the stiffness of Si, exhibit much

higher wear resistance than that of Si.4 CNTs are therefore

considered as one of the most promising candidates for AFM

probe materials. CNT probes are commercially available and

are currently produced through two main methods: assembly

of a CNT at the tip of a micro-machined Si structure and

direct growth of a CNT on a Si tip using chemical vapor depo-

sition (CVD). The former is not only time-consuming but also

needs expensive auxiliary instruments, such as a scanning

electron microscope (SEM), to perform the nano-scale assem-

bly in a precise and systematic manner.5–7 The latter method

eliminates the need for assembly, which is promising in

achieving relatively fast and low-cost fabrication of the

probes.8–10 However, the control of CNT growth, including

the orientation, the number of CNTs formed on each cantile-

ver, and the wafer-scale uniformity of grown CNTs, still

remains an essential issue. In this report, an alternative, poten-

tially low-cost, and wafer-scale method for manufacturing of

CNT-based AFM probes is presented. Micro-scale arrays or

“forests” of vertically aligned CNTs are grown directly on tip-

less Si cantilevers. The CNT forests are then

three-dimensionally (3D) patterned into cone shapes to be

used as AFM probe tips. Dry micro-electro-discharge machin-

ing (lEDM) is employed for this 3D patterning.11–13 The

results from AFM imaging tests performed using the fabri-

cated CNT probes show a promising potential of this AFM

probe and its production approach.

To create the CNT-forest probe and ensure its compati-

bility with AFM systems, we utilized a commercially avail-

able tipless Si cantilever probe (ACL-TL, Applied

NanoStructures, Inc., CA, USA) and grew the CNT forest at

the free end of the cantilever using an atmospheric-pressure

CVD system.11,14 For this, first, the tipless probe was covered

by a shadow mask except for the end of the cantilever where

the catalyst layer (1-nm-thick iron on 10-nm-thick alumina)

was deposited using electron-beam evaporation (Fig. 1(a)).

The length of the exposed cantilever was adjusted to be

50 lm to 150 lm. After the catalyst formation, the AFM

probe was transferred to the reaction tube of the CVD system

to synthesize a CNT forest with a height of �100 lm using

ethylene as the carbon source (Fig. 1(b)). Details of the CVD

process are given elsewhere.11,14 Dry lEDM was performed

in the CNT forest to fabricate a cone-shaped probe using a

servo-controlled 3-axis lEDM system with 100-nm position-

ing resolution (EM203, SmalTec International, IL, USA); the

experimental setup used for this process is illustrated in Fig.

1(c). lEDM is a micromachining process that utilizes pulses

of thermomechanical impact induced by an extremely minia-

turized electrical discharge generated between a micro-scale

electrode and a workpiece, which is a CNT forest in this
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study. As shown Fig. 1(c), the system uses a relaxation-type

resistor-capacitor circuit as a proven discharge pulse genera-

tor.15 In typical lEDM, the workpiece is submerged in dielec-

tric liquid (commonly oil or ultrapure water) to perform the

removal process; this process ambient assists flushing of de-

bris produced during the process. The CNT forest as the

workpiece of lEDM, however, cannot be immersed in liquid

because the aligned CNTs collapse when the wetted forest is

dried due to the capillary force effect.11 Therefore, CNT for-

ests are lEDMed in dry ambient, with oxygen mixed with

inert gas, which enables precise etching of the nanotubes

using microscopic tool electrodes by establishing the pulses

of micro discharge between the electrode and the forest.11–13

A detailed study suggested that dry lEDM of CNT forest was

essentially oxygen plasma etching rather than the conven-

tional, direct thermal removal (evaporation and melting) pro-

cess and that air (or nitrogen with �20% oxygen) was an

optimal medium for the process.13 With numerical control of

the electrode position with respect to the forest, 3D, free-form

patterning of the material is enabled. In addition, parallel

lEDM that uses arrays of electrode can potentially be applied

to batch production of CNT AFM probes for industrial manu-

facturing of the products.16

The patterning of a cone shape in the grown CNT forest

was performed as follows. The AFM probe with a CNT for-

est grown at the end of the cantilever was fixed on a piece of

metal sheet, which was then mounted on the stage of the

lEDM system to electrically couple the probe with the dis-

charge circuitry of the system. In the past studies, the electri-

cal connection to a CNT forest was made by clamping the

sample directly on the forest surface in order to minimize

the electrical resistance in the circuitry.11–13 This method

was not available for the current case as the cantilever on

which the CNT forest was present was highly flexible and

fragile. Therefore, the electrical connection to the forest was

made through the bottom of the cantilever probe in a manner

described above. In order to minimize the resistance, the Si

of the cantilever was selected to be a highly doped type. To

create a cone shape in the forest material, a tungsten

electrode with a diameter of 300 lm was shaped into a

200-lm-long, circularly truncated cone (Fig. 2(a)) using a

wire electro-discharge grinding (WEDG) technique.17 The

precise alignment of the tungsten electrode and the CNT for-

est was achieved using the microscope available with the

system. The patterning process was then initiated in air using

a discharge voltage of 50 V. This discharge voltage, which is

higher than the voltage level previously reported (30 V),11

was observed to be optimal in terms of the quality of

machined forest surfaces in the present case; a potential rea-

son behind this outcome is that the higher voltage was neces-

sary to overcome the relatively higher resistance (caused by

the electrical connection to the forest through the Si structure

as noted above) compared with the previous case (with the

direct contact to the forest) and maintain sufficient discharge

currents for smooth CNT removal. The sample was continu-

ously moved along a circular orbit with a fixed radius of

45 lm using the X-Y stage of the system while feeding the

electrode with the Z stage until it reached a target depth. In

this process, the CNTs along the electrode path were

removed, forming a cone shape in the forest. Initially during

the process, a truncated cone was formed as shown in Fig.

2(c). As removal proceeded, the radius of the topside of the

truncated cone kept decreasing until it reached a sharp tip

(Fig. 2(d)). As the slope angle of the electrode’s sidewalls is

constant, the height of the cone obtained depends on the ra-

dius of the circular orbit. The combination of the particular

electrode’s slope and orbit radius leads to the cone’s height

of 70 lm. Fig. 3(a) displays a result of lEDM patterning,

showing a cone created in the CNT forest on the Si cantile-

ver (this structure is named probe 1 in later discussions). The

apex radius of the cone was measured to be approximately

2.5 lm. The target and measured geometrical parameters of

the created cone are summarized in Table I. Compared with

commercial CNT AFM probes, in which a single CNT is

commonly used as the probe tip fixed on a cantilever, the

cone-shaped CNT-forest probes have higher mechanical sta-

bility/robustness due to their unique structure. The CNTs,

whose tips make direct contact with the samples to be

probed, are in the central region of the cone. The outer

CNTs that surround the central CNTs have densities (esti-

mated to be �1015/m2 with an average distance of a few tens

of nanometers between neighboring CNTs18) high enough to

physically support and protect the central ones. Furthermore,

those CNTs are entangled with each other, leading to con-

straining forces among the CNTs that tie them as a whole

and further enhance the physical supporting effect. Although

the contact between an individual CNT and the substrate

may be weak, the contact of the CNT forest as a whole with

the substrate (cantilever in this case) is strong. Therefore, the

mechanical stability and robustness of these CNT probes are

expected to be much higher than those available with con-

ventional CNT probes fabricated with other methods

described earlier, potentially enabling significantly improved

reliability and longevity in CNT-based AFM probes.

FIG. 1. Illustration of fabrication proc-

esses and set-ups used: (a) catalyst

deposition on the cantilever, (b) CNT

forest growth in the CVD tube, and (c)

lEDM setup.
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Theoretically, the developed process can produce a cone

tip containing a single CNT only. However, as the CNT for-

est is machined in the dry lEDM process, some of the debris

of the removed CNTs tends to adhere to the electrode (as

shown in Fig. 2(b)) potentially due to less flushing effects

compared with traditional wet lEDM that is performed in

liquid.11 As the carbon debris is electrically conductive,

those stuck on the electrode essentially can serve as parts of

the electrode and contribute to the removal of the forest in an

unpredictable manner. This removal effect can also occur at

the apex of the cone, deteriorating the sharpness of the

cone’s tip. This condition was present in the case of the

probe 1 device (Fig. 3(a)). In order to avoid this type of

impact caused by the debris and maximize the integrity of

the cone structure, we developed and utilized a multi-step

fabrication process. In this process, a larger cone pattern was

first shaped by the process discussed earlier. The electrode

was then cleaned to remove any debris stuck on it. Next, this

electrode was used to remove the surface layer of the cone

using a smaller-radius circular orbit, followed by electrode

cleaning again. This set of surface layer removal and elec-

trode cleaning was repeated until the cone was carved to

have a very sharp apex. The removal thickness in each step

in this process was 3-5 lm, and this thickness was reduced to

0.5-1 lm at the final steps for finishing purposes. The gap

clearance between the electrode and a CNT forest during the

fabrication process was measured to be approximately 5 lm,

and the scanning paths of the electrode were compensated

with this gap to obtain the final structure with desired geome-

try. A bottom layer of the forest (with a thickness of less

than 30 lm) was left unpatterned in order to eliminate any

possibility of damaging the Si cantilever during the forest

shaping. Figs. 3(b) and 3(c) show the results obtained

through the multi-step process described above. It can be

seen that the radius of the tip in Fig. 3(b) (probe 2) is less

than 1 lm and that the tip in Fig. 3(c) (probe 3) has only two

CNTs at the apex, verifying that the modified process is

effective in producing finer tips in the cone structures com-

pared with the single-step process discussed earlier. The

designed and measured geometries of these two probes are

also shown in Table I, indicating that all the cases show

good matches but with higher tolerances (of �3 lm in radius

and �5 lm in height) in the structures machined with the

multi-step process (probes 2 and 3), consistent with the

observations in the SEM images. The difference in the tip

shapes between these two cases might be related to some

small level of the debris still remaining on the electrode

and/or fluctuation in pulse energy; these factors ultimately

define the patterning resolution. It should also be noted that

the difference in the thickness of the unpatterned bottom

layers of the CNT forests among the probes is due to the dif-

ference in the heights of as-grown forests as well as that in

the depths of removal performed in the forests.

Precise control of the height of CNT forests in CVD

growth still remains an unsolved essential issue. Even if we

initiate the synthesis of CNTs on multiple probes at the same

FIG. 2. (a) Tapered tungsten electrode used for lEDM and (b) the electrode

immediately after the process (but before the cleaning step) showing CNT

debris adhered on the electrode surface. Scale bars are 50 lm. Illustration of

the cone-shaping process at (c) a transient state with a truncated cone shape

formed in the CNT forest and (d) the final stage of the process in which the

forest is shaped to a sharp-tip cone.

FIG. 3. SEM images of the CNT probes fabricated: (a) probe 1, (b) probe 2,

and (c) probe 3.
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time in the same reaction tube, the heights of the forests

grown on the probes could be different from each other.

Thus, achieving high uniformity of individual CNTs on the

cantilever in terms of their final height is a great challenge if

direct CVD growth is used to define the CNT probes. Post-

growth treatments can be introduced to improve the uniform-

ity.7 However, these treatments not only are time-consuming

but also need rather expensive systems to perform, posing

practical issues in product manufacturing. Here, the

developed lEDM process for cone patterning is directly ap-

plicable for customizing the final height of the CNT probes,

to be precisely determined as part of the cone shaping pro-

cess, addressing the non-uniformity issue. This can be easily

achieved by, e.g., setting the end of electrode feeding in the

Z direction with respect to the top surface of the cantilever,

instead of that of the forest whose height can vary, eliminat-

ing the impact of the forest’s height variation on the heights

of the final structures (both cone and bottom layer) patterned

on the cantilever.

AFM imaging was performed using probes 2 and 3

(Figs. 3(b) and 3(c), respectively) in a commercially available

AFM system (Easyscan 2, Nanosurf, Liestal, Switzerland). In

order to evaluate the imaging ability of the fabricated CNT

probes, we conducted the same imaging using a commercial

Si probe (ACL-A, Applied NanoStructures, Inc., CA, USA;

typical tip radius �6 nm, apex half cone angle 11�, resonant

frequency �184 kHz). The tapping mode was used in these

AFM tests, in which each probe was scanned over a standard

calibration sample that has an array of 5-lm square dimples

with a depth of 98 nm. In the developed probes, the presence

TABLE I. Designed and measured geometrical parameters of the CNT

probe.

Probe 1 Probe 2 Probe 3

Orbit radius (lm) 45 43 40

Designed bottom radius and

height (lm)

20/70 18/70 15/60

Measured bottom radius

and height (lm)

15/80 15/74.9 11/54.5

Measured apex radius (lm) �2.5 <1 �0.02

(diameter of CNTs)

FIG. 4. AFM images of calibration microstructures measured using (a) probe 2, (c) probe 3, and (e) commercial Si probe. Corresponding cross-sectional pro-

files of multiple dimples are shown in (b), (d), and (f), respectively.
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of the CNTs on the cantilever decreased the resonant fre-

quency of the cantilever. The rated nominal resonant fre-

quency of the tipless probe used is 190 kHz, and this

frequency was measured to be modified to 136 kHz and

170 kHz for probes 2 and 3, respectively. The difference

between these resonant frequencies of probes 2 and 3 is pre-

sumed to be mainly associated with the difference in the

thickness of the bottom layers of the forests (i.e., probe 2 has

a thicker bottom layer and thus a higher mass, leading to the

lower resonant frequency compared with probe 3). The AFM

results are presented in Figs. 4(a)–4(f). The AFM images of

an identical region of the calibration sample obtained using

probes 2 and 3 are shown in Figs. 4(a) and 4(c), respectively,

and those with the commercial probe are shown in Fig. 4(e).

Corresponding cross-sectional profiles of the identical dim-

ples obtained in the imaging process are also shown in Figs.

4(b), 4(d), and 4(f). Comparing between the results with the

developed CNT probes and that with the commercial one, it

is clear that the CNT probes were able to trace the contour of

this square patterns similarly to the commercial probe. The

root mean squared area/line roughness of the bottom surface

of a single dimple and the top surface of the sample (between

two dimples) was characterized. As shown in Table II, the

results obtained with probe 2 are somewhat larger than those

with the commercial probe. We can see that the roughness

obtained by probe 3 is close to that of the commercial probe.

The difference in these outcomes could be associated with

that in the radius of the two probes. Nevertheless, the results

demonstrate that the fabricated CNT probes can produce

scanned data comparable to those that the commercial probe

does in AFM imaging of micro-scale patterns with nano-

scale steps. The machining process is being improved to

achieve finer probe tips and higher lateral resolutions in AFM

imaging.

In summary, we have demonstrated that dry lEDM is

highly effective in producing CNT-forest AFM probes with

custom cone-shaped designs. The probe shaping process was

performed on the CNT forests that were grown directly on

the tips of Si cantilevers compatible with commercial AFM

systems. This approach potentially enables CNT-based AFM

probes to have remarkably higher mechanical stability and

robustness, as well as to be batch manufactured with higher

dimensional precisions at low costs through a path of parallel

lEDM. The results of AFM imaging obtained with the fabri-

cated probes encourage further improvement of the probe

and AFM imaging with it through nano-meter level dimen-

sion control and finishing of the probe tips.
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