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Scanning probes have enabled modern nanoscience and are still the backbone of today’s

nanotechnology. Within the technological development of AFM systems, the cantilever evolved

from a simple passive deflection element to a complex microelectromechanical system through

integration of functional groups, such as piezoresistive detection sensors and bimaterial based

actuators. Herein, the authors show actual trends and developments of miniaturization efforts of

both types of cantilevers, passive and active. The results go toward the reduction of dimensions.

For example, the authors have fabricated passive cantilever with a width of 4 lm, a length of 6 lm

and thickness of 50–100 nm, showing one order of magnitude lower noise levels. By using active

cantilevers, direct patterning on calixarene is demonstrated employing a direct, development-less

phenomena triggered by tip emitted low energy (<50 eV) electrons. The scanning probes are not

only applied for lithography, but also for imaging and probing of the surface before and immedi-

ately after scanning probe patterning. In summary, piezoresistive probes are comparable to passive

probes using optical read-out. They are able to routinely obtain atomic step resolution at a low ther-

mal noise floor. The active cantilever technology offers a compact, integrated system suited for

integration into a table-top scanning probe nanolithography tool. VC 2014 American Vacuum
Society. [http://dx.doi.org/10.1116/1.4897500]

I. INTRODUCTION

Routine, “on demand” fabrication of features smaller than

5 nm is a challenge for the realization of many nanoelec-

tronic, nanomechanical, optical or biobased devices.

Systems with such low dimension belong to the class of so

called “nanosystems,” which exhibit peculiar characteristics:

quantized excitation,1,2 a single-atom electron spin qubit in

silicon,3 Coulomb blockade and single-electron tunneling,4

as well as metal–insulator transition.5 These phenomena can

only occur in structures small enough for quantum mechani-

cal effects to dominate.

Moreover, to extend existing limits in nanodevice manu-

facturing, new and unconventional lithographic technologies

are necessary for novel “beyond CMOS devices.” High per-

formance nanometer lithography is an enabling technology

therefore.

Scanning probe lithography (SPL) is a thriving area of

research in which scanning probe microscopes (SPMs) are

used to pattern nanometer-scale features. It offers novel and

unconventional means to produce features with single-digit

nanometer resolution and unprecedented technical capabil-

ities. This is underpinned by the development of numerous

tip-based patterning methods in the last two decades show-

ing the attractiveness and ease-of-use applicability of SPL.

Here, the probe design must meet all the demands for

high speed and high resolution SPL. Resolution is deter-

mined by the cantilever response to the tip–surface interac-

tion and tip sharpness. Routinely, scanning probes for

atomic-force microscopy (AFM) measure surface features

with resolution better than 0.01 nm vertically and a few

nanometers laterally.

SPL comes in many forms, all of which exploit different

interactions between a sharp tip and a surface. Tip/sample

interactions can result in a highly confined oxidation, heat-

ing, electron exposure, or chemical modification leading to

patterning at the nanoscale.6,7 For example, one approach is

to use an electrical bias on the scanning probe tip to generate

field emission electrons.8 The resulting localized electron

beam exposes a resist covered sample, like in standard elec-

tron beam lithography, but without complex electron beam

optics. Hence, high resolution lithography can be accom-

plished in a table top system.

However, like all maskless patterning techniques, SPL is

subject to Tennant’s law.9 That means that throughput goes

dramatically down, approximately with the power to five, if

resolution is decreased. Throughput enhancement strategies

like upscaling of the physical process by active cantilever

array technology10,11 or nanoimprint lithography (NIL) asa)Electronic mail: ivo.rangelow@tu-ilmenau.de

06F101-1 J. Vac. Sci. Technol. B 32(6), Nov/Dec 2014 2166-2746/2014/32(6)/06F101/8/$30.00 VC 2014 American Vacuum Society 06F101-1



well as the utilization of smart mix-and-match lithographic

strategies could overcome these limitations, discussed in

more detail in Ref. 12. Despite this trade-off, SPL represents

a cost-effective solution for research applications such as

rapid nanoscale prototyping.

The first steps toward autonomic cantilevers have already

been accomplished using thermal-bimorph cantilevers with

an integrated resistive heater.10 These compact, self-

actuating and sensing cantilevers are the basis for parallel

probes with 16 � 4 arrays already realized.13 Overall, four

challenges will dictate the viability of SPL as a patterning

technology: (1) Probe response for sub-5 nm resolution; (2)

tip wear and reliability for hundreds of hours; (3) overlay

alignment accuracy better that 1 nm; and (4) desired through-

put comparable to electron beam lithography with a

Gaussian current density distribution (Gaussian EBL).

The challenge is to maintain the resolution while scan-

ning at speeds needed for high-throughput lithography and

metrology. This requires precise and faster detection of the

interaction between the sample and the tip. As such, cantile-

vers must be extremely small and soft with high signal-

to-noise ratios (SNR). Ultimately, for production worthy

metrology and SPL, probes must be less than 250 nm thick

with dimensions of 5 � 12 lm. This is challenging both in

terms of fabrication and read-out techniques and requires a

new direction in probe design and machining.

The benefit of active cantilevers is the integrated actua-

tion and electrical readout in contrast to expensive and bulky

optical based readout. Already today, as presented in this ar-

ticle, the microfabrication technology offers extremely small

and soft cantilevers, where optomechanical alignment is

challenging or even impossible and, additionally, becomes a

drawback with respect to achieving a small size laser spot.

This paper describes the design, characteristics, and chal-

lenges of small active and passive cantilever probes for

AFM and SPL applications as well as the lithography proce-

dure with the AFM.

II. MINIATURIZATION OF OPTICALLY DETECTED
CANTILEVERS

Traditionally in AFM, cantilevers are made from silicon

and the displacement is detected by optical laser-based read-

out. The maximum speed for cantilevers with high SNR is

determined by the spring constant, the effective mass, the

cantilever damping induced by the surrounding medium

(e.g., air or water) and the surface. Standard sized cantilevers

are usually too stiff to image at high speeds with high resolu-

tion. Herein, a high sensitivity to small forces is required.

The simplest method to achieve this is to reduce its geomet-

ric dimensions, leading to MHz range resonance frequen-

cies.14 Using these cantilevers, the authors obtained a

sequence of images in liquid at few millisecond intervals.15

Additionally, high resonant frequencies are needed for rapid

adjustment of the vibrating cantilever’s amplitude.16,17 This

reduces response time, but can be effectively compensated

with an active damping/amplifying circuit.18 The ground-

breaking paper by Viani incorporated all these developments

to produce high-bandwidth cantilevers. They showed a high

sensitivity and were used to unfold single molecules using

pulling speeds an order of magnitude faster than previously

performed with conventional cantilevers.19

Although revolutionary scanning speeds have been

achieved by these developments, the SNR is still an issue for

subnanometer resolution lithography and metrology. The

ultimate sensing performance of any cantilever is limited by

its thermomechanical noise. Low stiffness (<0.01 N/m) can-

tilevers have enhanced the force sensitivity. However, such

cantilevers inherently have a high thermal drift making it

difficult to maintain the constant interaction force necessary

for high resolution imaging.

If the Z-servo feedback is slow and limited by its band-

width, the tip may closely approach the sample surface and

occasionally touches it. In ambient conditions, most sample

surfaces are, in fact, covered with a liquid layer. When a

probe tip comes in contact with the sample, the tip may

become stuck in this layer due to meniscus forces. In this

case, the cantilever oscillation stops. Therefore, when a non-

contact AFM (NC-AFM) is operated with very small tip–

sample distances, only a slight deviation of the tip–sample

interaction force from the set-point can provide a serious tip

distortion. This is when the controller of the system is inac-

curate and to slow to keep it within the attractive force re-

gime for NC-AFM.

Due to the deposition of a reflective thin metallic film

needed for the beam deflection detection, the bimaterial can-

tilever forms a system that is extremely sensitive to thermo-

mechanical excitations with an SNR of

Dx=Dz ¼ 3=4
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
tcantilever=2Lbi–material

p
:

Ideally, both the thermomechanical noise of the bimate-

rial cantilever and noise of the readout system should be

minimal. We have designed and fabricated cantilevers with

low thermomechanical displacement noise.

Silicon-oxide-nitride (SiOxNy) cantilever, 245 nm thick, 6

lm long, and 4 lm wide have been routinely fabricated by

conventional micromachining batch processes, summarized

schematically in Fig. 1. These small cantilevers are coated

with titanium/gold and have a resonance frequency above 3

MHz in air and spring constants between 10 and 50 N/m.

The power spectral density (PSD) of the small cantilever’s

thermomechanical fluctuations was compared with standard

commercial silicon cantilevers having a similar spring con-

stant, however �5 lm thick, �160 lm long, and �45 lm

wide. We employed a small spot laser module with a nomi-

nal spot size of 3 � 9 lm and a wave length of 850 nm. The

optical detector DC and AC noise was smaller than 5 pm

and 25fm � Hz–1=2, respectively, at a bandwidth of 7 MHz.

The results using optical read-out are summarized in Fig. 2,

showing that the thermal PSD [Fig. 2(c)] is one order of

magnitude lower for small SiOxNy cantilever compared to

standard Si cantilever. Figures 2(a) and 2(b) are optical

images of the small laser spot focused onto the backside of a

standard Si and small SiOxNy cantilever, revealing that the

application of small passive cantilevers becomes a
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challenging task using classical optical read-out techniques.

By comparing the small laser reflection area of the cantilever

(�4 � 6 lm) with respect to the relatively large laser spots

of conventional AFMs (�30 lm beam diameter) one can re-

alize the involved challenges. However, in our measure-

ments we have applied the smallest laser spot available for

conventional AFM systems (3 � 9 lm), but we are still oper-

ating at the limit of the read-out. Thus, for application of fur-

ther miniaturized passive cantilevers improvements of the

laser-based optical read-out are required.

In addition, the conventional optical lever detection tech-

nique involves the requirement of optical components and

the necessity for their mechanical alignment. When using a

top-scanner system like we prefer for our own SPM systems,

that fact introduces a lot of engineering challenges and limits

the performance of the system, especially for high speed and

high precision metrology applications.20 Thus, cantilever

with alternative read-out principles like piezoresistive probes

are promising candidates for further miniaturization and

improvements, discussed in chapter III.

In Fig. 3(a), a batch-fabricated small SiOxNy cantilever

with integrated highly boron doped Si tip is shown using

SEM. In addition, in the AFM topography image series

showing a DNA strand suspended on Mica surface, Figs.

3(b)–3(e), we demonstrate the high speed imaging capability

of small high-frequency SiOxNy cantilever in amplitude-

modulation AFM (AM-AFM) mode. The imaging speed was

increased from 10 lines/s at 1024 � 1024 pixel and lines

[Fig. 3(b)] of up to 80 lines/s at 128 � 128 pixel and lines

[Fig. 3(e)]. Thus, the time required for a full frame AFM

image was reduced from 102.4 s [Fig. 3(b)] to 1.6 s [Fig.

3(e)].

The actual development trend of passive probes toward

high frequency operation by downscaling of the cantilever

dimensions, primarily the length of the cantilever

(f0 / 1=length2), is summarized in Fig. 4. The SEM image

series displays selected probe types.

III. COMPACT PIEZORESISTIVE
AND SELF-ACTUATED CANTILEVERS

The discovery of the AFM by Binnig21–23 and its realiza-

tion by Binnig, Quate, and Gerber20,22,23 opened up the per-

spective of surfaces imaging with real atomic resolution.

Dynamic modes of atomic-force microscopy offer new pos-

sibilities for imaging, because of the availability of the vari-

ous vibrational modes of the probes. In this case, the

cantilever is oscillating at fixed amplitude. The resonance

frequency shift in the oscillation amplitude is used as a feed-

back control to measure the surface topography.

Typically, silicon cantilevers have a relatively high spring

constant of 10 N/m and oscillate with amplitudes in the order

of 10 nm. We increased the spatial resolution by the

FIG. 1. (Color online) Schematic process flow for fabrication of SiOxNy

small cantilever: (a) Boron-doped tip formation by optical lithography,

plasma etching, and oxidation; (b) low stress deposition of a-Si/SiOxNy by

PECVD; (c) backside etching; (d) tip opening and release; and (e) reflective

coating with Ti/Au.

FIG. 2. (Color online) (a) and (b) are optical images of a small laser spot (3 � 9 lm) focused onto the backside of a standard Si and small SiOxNy cantilever,

respectively. The thermal PSD (c) of both cantilevers was obtained by an average of 1000 samples and a measurement resolution of 4.77 Hz. For thermal PSD

measurement, both cantilevers were calibrated by determination of the inverse optical lever sensitivity and spring constant.
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introduction of extremely small self-actuated piezoresistive

cantilevers with stiffness in the order of 1 N/m, enabling

amplitudes two orders of magnitude smaller that can be

used. Here, the cantilever stiffness k ¼ Ewt3=4L3, where L is

the length of the cantilever, w its width and t its thickness,

depends on the geometry of the beam as well as its material

stiffness.

Piezoresistive readout for atomic resolution AFM imag-

ing was demonstrated for the first time by Tortonese et al.24

in 1993. A significant improvement in the performance of

the piezoresistive cantilever with respect to deflection sensi-

tivity was identified using a Wheatstone bridge circuit, with

temperature drift compensation noted one year later.25 Based

on this technology, different SPM sensors, such as tribologi-

cal, thermal and Kelvin-probes were developed.26

Integration of a sharp tip expanded this MEMS technology

into real 3D-micromachining.27,28 Our active cantilevers are

highly integrated and well beyond today’s established tech-

nology for functional tip arrays. The single probes incorpo-

rate actuation and sensing directly onto the cantilever itself,

taking advantage of the high performance cantilever fabrica-

tion technology that has been developed and demonstrated

previously.10,29–31 A typical active cantilever with aligned

tip at the end of the beam is shown in Fig. 5. Two-

dimensional electron gas (2DEG) sensors are integrated into

the cantilever base.30 They are thermally isolated from the

actuator and designed for minimum electronic crosstalk31

while being capable of measuring cantilever thermomechan-

ical noise. Integrating a thermally driven bimaterial actuator,

in Fig. 5 the meander line on top of the cantilever body,

facilitates the development of a scanning probe that is work-

ing autonomously with self-oscillating and static bending.32

By now, the benefit of M(N)EMS technology development

has tremendous performance advantages, but with certain

exceptions. Aggressive scaling has resulted in the need for

low-noise pn-junctions that represents a region of special

concern in modern MEMS-Technology. The piezoresistive

effect also depends on the temperature.33 However, the

effect of temperature fluctuations on the cantilever read-out

signal is routinely reduced using an additional temperature

compensation measurement circuit. Piezoresistivity is signif-

icantly greater for low dopant concentrations; nevertheless, a

high boron (Fig. 5: piezoresistors colored in bright green)

implantation dose can be used in order to achieve low tem-

perature dependence.34 To achieve the optimal force

FIG. 3. (Color online) (a) SEM image shows a batch-fabricated 6 lm long and

4 lm wide SiOxNy cantilever with integrated highly boron doped 3.5 lm Si

tip, coated on the backside with 10 nm Ti and 20 nm Au (scale bar: 2 lm).

(b)–(e) AFM topography images of DNA suspended on Mica taken with

increased scanning speed to demonstrate the high speed capability of small

SiOxNy cantilever type (scale bar: 50 nm). AFM imaging was carried out at (b)

1024 � 1024, (c) 384 � 384, (d) 384 � 384, (e) 128 � 128 pixels and lines

and (b) 10, (c) 10, (d) 52, (e) 80 lines/s. In summary, the time for a full frame

AFM image was decreased from (b) 102.4 s, (c) 38.4 s, (d) 7.3 s, to (e) 1.6 s.

FIG. 4. (Color online) SEM image series outlines the development of small

passive cantilevers toward high frequency operation by successive reduction

of the cantilever length.

FIG. 5. (Color online) Colored SEM image of an active cantilever with tip at

the end of the cantilever beam (scale bar: 50 lm). The thermal bimorph ac-

tuator, visible as meander line on top of the cantilever body, as well as the

integrated piezoresistors at the base of the cantilever, connected in an inte-

grated Wheatstone bridge configuration, are highlighted respectively.

06F101-4 Kaestner et al.: Scanning probes in nanostructure fabrication 06F101-4
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resolution, the power dissipation needs to be increased to the

maximum but still with acceptable drift for the AFM

measurements.

The thermomechanical noise floor of our cantilevers

equipped with integrated 2DEG sensors operating as piezor-

esistive read-out was measured with 80fm � Hz–1=2.35

Thermally actuated bimorph cantilever with piezoresis-

tive read-out are usually manufactured by bulk microma-

chining. After formation of the tip by reactive ion etching

the electrical shielding lines for sensor–actuator crosstalk

suppression are implanted. The piezoresistors (Fig. 5—

green) are defined by ion implantation, followed by a ther-

mal annealing step. Subsequently, a silicon nitride layer is

formed by PECVD for electrical passivation. On top of that

layer a meander-line shaped metal actuator is structured by a

lift-off process (Fig. 5—red). Further on, contacts pads for

all functional components of the active cantilever are real-

ized. The cantilever thickness is defined by an anisotropic

etching step from the backside of the cantilever. Finally, the

cantilever is released by a gas chopping etch process.36,37

Alternatively, cantilevers could also be realized by surface

micromachining, SOI-based surface micromachining or

polymer-based micromachining. The fabrications processes

and their utilization for different types of piezoresistive can-

tilever are described in more detail in the review article.31

In Fig. 6, the development of piezoresistive scanning

probes is summarized, revealing a progress toward reduced

effective cantilever mass for increased resonance frequency

operation. The size of the small piezoresistive cantilever can

be easily reduced to 15 lm in length and retain a similar

spring constant of 0.021 N/m. We have determined the

smallest low frequency force that these cantilevers can

detect. A low pass filter at 5 kHz was used and at 1 Hz the

standard deviation of the force had a noise level of 11 pN �
Hz�1=2 for the large cantilevers and 6 pN � Hz�1=2 for the

small cantilevers. The thermal motion noise contributed less

than 9% to the total noise. The application of SOI-wafers

inhibits some of the variations in the spring constant value,

which mainly depends on the variation of the cantilever

thickness. In this manner, most of the difficulties for

controlling the cantilever stiffness were overcome.37,38 We

investigated the force resolution of this cantilever in the fre-

quency band of 0.1–1000 kHz and found that it is better than

75 pN. The cantilever sensors are routinely offering atomic

step resolution at ambient room conditions. Figure 7 shows

an AFM image obtained on highly ordered pyrolytic graphite

(HOPG) by an active probe, demonstrating single atomic

step resolution of the piezoresistive read-out. In addition,

Fig. 8 illustrates four different types of tips that are attached

to active cantilevers, such as the ones shown in Figs. 5 and

6. Here, a diversity of different tips tailored for specific

applications, for example, for electric field SPL [Figs. 8(a)

and 8(d)], is possible.

FIG. 6. (Color online) SEM image series summarizes the development of

cantilevers with piezoresistive read-out over time. Reprinted with permis-

sion from T. Michels and I. W. Rangelow, Microelectron. Eng. 126, 191

(2014). Copyright 2014, Elsevier.

FIG. 7. (Color online) AFM 2D topography image of HOPG indicating sin-

gle atomic steps obtained at ambient room conditions. The HOPG surface

was imaged by a compact thermally actuated active cantilever with piezore-

sistive read-out.

FIG. 8. SEM image series showing different types of cantilever tips applied

in AFM and SPL technology, realized on active probes. (a) Metal coated tip

for electric field based lithography and Kelvin probe force microscopy; (b)

“tip at the edge” type cantilever; (c) focused ion beam sharpened Si tip; and

(d) “buried” FN field emission tip for focused electric field, current-

controlled SPL.
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In addition, active Q-control that changes the actuator sig-

nal, based on the current cantilever vibration sensor signal,

is applied to these cantilevers in order to modify their

dynamic behavior. In contrast with structural changes

directly to the cantilever beam, this technique is flexible and

the Q-factor can be tuned rapidly and can contribute signifi-

cantly to the imaging speed. In Fig. 9, a typical frequency

sweep of a piezoresistive cantilever, actuated by the thermal

actuator, is shown. It includes the total of seven transversal

eigenmodes at up to 1 MHz.

Wear is a key factor that hinders the performance of

probes for AFM, including AM-AFM mode. Despite the

reduced tip–sample interaction compared to contact mode,

tip and sample wear can occur through gradual atomic scale

processes that can accumulate due to the high frequency of

the tip–sample interaction and through high intermittent con-

tact stresses. We are able to select an appropriate probe and

free oscillation amplitude that avoids exceeding a critical

contact stress to minimize tip/sample damage. With this the

measured time delay of the AFM controller system only is

40 ns. However, the additional delays of the high voltage

amplifier, z-actuator, and cantilever itself need to be consid-

ered to estimate the total delay time of the system.

IV. SCANNING PROBES IN NANOSTRUCTURE
FABRICATION

Advantages of SPL methods comprise resolution that

approaches the atomic level, for both AFM and STM techni-

ques, the ability to produce features with nearly arbitrary

geometries, and the capability to pattern over surface topog-

raphy that deviates significantly from planarity. However,

scanning probe based methods are limited by their serial

processing scheme, which limits the throughput in both writ-

ing and imaging mode of the system. Increasing the through-

put could be achieved by (1) improvement of the writing and

imaging speed, (2) the scaling up of the physical process by

cantilever array technology based on a thermally driven self-

sensing probe concept, and (3) by combination of different

lithographic methods in a mix and match lithography

approach.12 Unless these approaches yield a huge increase in

throughput, it is likely that SPL methods will be applied for

rapid nanoscale prototyping and critical dimension pattern-

ing, wherein ultra-high resolution and overlay alignment

capabilities are required, or patterning of master templates

for high resolution NIL.

The flexibility inherent in scanning probe techniques

offers broad possibilities for SPL-based fabrication and anal-

ysis nanoelectronic and nanomechanical devices. To move

beyond the state of the art unique nanofabrication capabil-

ities the following expectations must be considered to enable

sustainable single nanometer manufacturing: (1) The genera-

tion, placement, overlay alignment, and inspection of the

lithographic nanostructures must be accomplished in a pre-

cise, reproducible, controlled, and sustainable manner. (2)

The SPL cantilever has to be very small allowing high speed

“writing” and “reading” (Figs. 2–6). (3) SPL-tips must keep

their specifications over their expected tip lifetimes (tip-

wear). (4) SPL must be scalable up to the required through-

put and yield.21,38

Recently, we have demonstrated the positive-tone, devel-

opmentless, so called “self-development” patterning of cal-

ixarene molecular glass resists using highly confined electric

field, current-controlled scanning probe lithography (EF-CC-

SPL) scheme.6,7,38,39 Herein, an electric field is applied

between scanning probe and sample, resulting in a current

flux of low energy electrons (<50 eV), which is regulated by

the lithography current feedback loop. This current flux in

turn penetrates the molecular resist material below the

nanoprobe, leading to a highly localized removal process

used for patterning of nanofeatures. In Figs. 10 and 11, the

basic principle of the SPL system using thermally actuated,

piezoresistive cantilever with conductive tip is summarized.

It is a closed loop SPL system modifying calixarene-based

molecular glass resists.

FIG. 9. Sinusoidal frequency sweep (magnitude and phase vs frequency plot)

shows seven resonant modes of an active cantilever. Excitation of the canti-

lever is provided with a bimaterial thermally driven microheater and read-

out by an integrated piezoresistive sensor bridge.

FIG. 10. (Color online) Schematic layout of the lithography system incorpo-

rating a current feedback loop for SPL and a force feedback loop for AFM

imaging and probing. Between both modes (imaging and lithography) could

be switched, indicated by the dotted double arrow. Thus, the same

nanoprobe is used for both (a) direct writing of nanofeatures using spatially

confined low-energy electron emission from nanoprobe-tip and (b) AFM-

imaging for pre- and postinspection as well as for pattern overlay alignment

(Ref. 39).
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In Figs. 12 and 13, high fidelity lithographic results are

shown achieved with the EF-CC-SPL scheme. AFM imaging

of the patterns was carried out directly after SPL in closed

loop fashion39 using the same cantilever as for imaging. In

Fig. 12, fine corner features composed of single lines are pat-

terned at a fixed half pitch of 250 nm, whereas in Fig. 13, the

half pitch within each single meander line feature was modu-

lated from (1) 75 nm, (2) 50 nm down to (3) 25 nm and back-

ward. Each meander line was patterned with different

exposure parameters, whereby Fig. 13(b) was underexposed,

Fig. 13(d) was overexposed, and the features in Figs. 13(a)

and 13(c) were exposed at optimum dose demonstrating high

fidelity pattern. A more detailed description of the line-width

dependencies from bias voltage, exposure dose and tip is

provided elsewhere.6,7 In summary, the self-developing EF-

CC-SPL scheme offers a high resolution mask-less pattern-

ing method (sub-5 nm lines12) applicable for a closed loop

SPL strategy. Herein, we have recently demonstrated the prom-

ising combination of EF-CC-SPL with electron beam lithogra-

phy (also extreme ultraviolet lithography is possible instead) in

a mix-and-match approach,12 increasing both the process win-

dow and the throughput of the EF-CC-SPL method.

Figure 11 shows a block diagram of the AFM setup used,

controlled by a FPGA system. A low amplitude oscillation

of the cantilever near the sample surface is driven through

the bimaterial thermal actuator and the deflection tracked

with the piezoresistive read-out as described previously. In

the case of AM operation, the drive signal was generated by

a signal of the direct digital synthesizer, which can be set to

the frequencies of the first or higher eigenmodes of the canti-

lever, respectively. The amplitudes and phase shifts for each

eigenmode can be captured by the lock-in amplifiers.

However, in most scanning probe microscopes, throughput

FIG. 11. (Color online) Block diagram of the AFM and distance control feed-

back loop for an active cantilever (self-actuating, self-sensing) and a top-

scanner system.

FIG. 12. (Color online) AFM topography 2D image of fine corner line fea-

tures written into 5 nm thick calixarene resist (non-deconvoluted image,

scale bar: 250 nm, area averaged for section graph marked by dotted rectan-

gle). AFM-imaging was carried out after SPL in closed-loop fashion using

the same cantilever as for lithography (7 nm tip radius of curvature).

FIG. 13. (Color online) AFM topography images (3D overview image, scale bar: 2 lm; 2D zoom-in image, scale bar: 200 nm) of long meander line features

patterned into 10 nm thick calixarene resist (non-deconvoluted image). AFM imaging was carried out directly after SPL processing (no step in between) using

the same cantilever (5 nm tip radius of curvature). The meander features were patterned at 30 V bias voltage, whereby the line exposure dose was modulated

from (a) 100 nC/cm; (b) 66.7 nC/cm; (c) 133.3 nC/cm; (d) 400 nC/cm, respectively. Within each meander line the line pitch was modulated from (1) 75 nm

hp; (2) 50 nm hp; (3) 25 nm hp, and backward.
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is limited by the speed at which the cantilever-tip can be

moved over the sample surface. For constant force imaging

this speed is commonly limited by the speed of the closed-

loop system, which is in sequence limited by the speed, or

resonance frequency, of the z-axis actuator.

Diverse actuator types for direct cantilever actuation,

using an electrostatic-actuator40 or a piezoelectric thin

film,41 have been developed. As was demonstrated with the

European Project “Pronano,”11 by integrating a bimaterial

thermally driven actuator29 on a cantilever equipped with a

piezoresistive read-out, the scan speed of an AFM can be

increased by an order of magnitude over the standard AFM.

The throughput of the scanning probe microscope system

has been enhanced by using parallel cantilever arrays, and

by increasing the deflection bandwidth of each probe indi-

vidually. The main advantage of the bimaterial thermally

driven actuator on the cantilever is not only excite the canti-

lever in its resonance but also deflect the cantilever at lower

frequencies off-resonance (1 Hz–10 kHz). When a DC-

current is applied to the microheater, the cantilever bends

proportionally to the square of the input current.30 With such

sensors and actuators integrated onto the cantilever, the

AFM can be made much smaller since the laser and photode-

tector alignment are no longer necessary. This enables the

build-up of a table-top scanning probe nanolithography

system.

V. SUMMARY AND CONCLUSIONS

Fabricating future devices for nanoelectronics, nanopho-

tonics, and nanoelectromechanical systems requires lithogra-

phy at the single nanometer level. An SPL approach may be

essential to create the “beyond CMOS” generation of elec-

tronic devices. Over the coming year’s sustainable litho-

graphic principles for reproducible sub-5 nm manufacturing

of nanostructures will be established to make the SPL the

concept of choice. To address this, a high throughput tech-

nology using a combination of high resolution SPL and NIL

for mass device fabrication has to be considered.

The self-actuated piezoresistive cantilever allows for eas-

ier system integration and significant reduction in its weight.

Hence, the microscope provides better controllability and

significant higher scan speeds, with the potential for full lith-

ographic and metrological automation. For SPL, the imple-

mented AFM-mode is enabling an in-situ inspection

capability, a quantitative mapping at unprecedented resolu-

tion as well as an integrated overlay alignment system.

As with most scientific developments the technological

impact of the SPL is difficult to predict. The history of the

AFM is a good example for that. New patterning technolo-

gies have to be competitive with today’s industry’s enor-

mous investments. In any case, the properties of novel

devices may turn out to be valuable.
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