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Abstract

The atomic force microscope (AFM) possesses a unique capability for three-dimensional, high-resolution imaging
down to the atomic level. It operates without the needs of additional requirements on sample material and environ-
ment, making it highly valuable for surface measurements. Recent advancements have further transformed AFM

into a precision machining tool, thanks to its exceptional force measurement capability and positioning precision.
High-speed AFM (HS-AFM) is a specialized branch of AFM that inherits the advantages of high spatial resolution

of typical AFM but with significantly improved time resolution down to the sub-second level. In this article, instead

of delving into extensive research progress enabled by HS-AFM in the broad fields of biology, biophysics, and mate-
rials science, we narrow our focus to the specific applications in the domain of ultra-precision surface machining

and measurement. To the best of the authors'knowledge, a comprehensive and systematic summary of the contribu-
tions that HS-AFM brings to this field is still lacking. This gap could potentially result in an underappreciation of its
revolutionary capabilities. In light of this, we start from an overview of the primary operating modes of AFM, followed
by a detailed analysis of the challenges that impose limitations on operational speed. Building upon these insights,
we summarize solutions that enable high-speed operation in AFM. Furthermore, we explore a range of applications
where HS-AFM has demonstrated its transformative capabilities. These include tip-based lithography (TBL), high-
throughput metrology, and in-line inspection of nanofabrication processes. Lastly, this article discusses future research
directions in HS-AFM, with a dedicated focus on propelling it beyond the boundaries of the laboratory and facilitating
its widespread adoption in real-world applications.

Keywords High-speed atomic force microscopy, Ultra-precision surface machining, High-throughput metrology,
Nanofabrication

1 Introduction

The atomic force microscope (AFM) is a powerful tool
that enables three-dimensional (3D) imaging, modify-
ing and manipulating the sample surface down to the

*Correspondence: atomic level. Originally invented by Binning et al. [1]
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enables the acquisition of authentic 3D measurements
with an exceptional sub-nanometer resolution along
the vertical axis, surpassing other types of microscopes
such as scanning electron microscopes (SEM) [2], optical
microscopes (OM) [3] and so on [4, 5]. Secondly, unlike
SEM and scanning tunneling microscopes (STM), AFM
does not impose any specific material requirements on
the samples being analyzed, and thus significantly broad-
ens its applicability across a wide range of applications
[6]. Lastly, AFM offers a flexible operation that does not
require specific environmental conditions. It can main-
tain sub-nanometer measurement resolution in various
environments, including air [7], liquids [8], and vacuum
[9]. In contrast, SEM and transmission electron micro-
scope (TEM) typically require a high vacuum environ-
ment for operation.

Over the past few decades, AFM has undergone a
remarkable transformation from being a surface meas-
urement tool to becoming an ultra-precision machin-
ing tool [10, 11]. This evolution can be attributed to its
precise spatial positioning and exceptional force meas-
urement capabilities [12]. A wide spectrum of applica-
tions has been reported, encompassing local oxidation
[13], deposition [14], cutting [15], milling [16] and other
nanoscale lithography processes [17, 18].

High-speed atomic force microscopy (HS-AFM) is a
specialized branch of AFM that offers high spatial res-
olution together with an unprecedented sub-second
time resolution [19]. This unique capability renders it
exceptionally well-suited for characterizing dynamic
processes [20]. Consequently, HS-AFM has emerged as
a pivotal tool for structural biologists, facilitating the
study and analysis of the real-time structural dynamics
exhibited by biological molecules and complexes [21].
Ando and co-workers have carefully reviewed state-of-
the-art HS-AFM techniques and applications in life sci-
ence. The interested readers may refer to their review
papers [22-24] for details.

In this work, our aim is not to reiterate what has already
been reviewed in these areas. Instead, we intend to pro-
vide a concise description of the dominant operation
modes of AFM and offer a system dynamics perspective
to summarize the key factors that restrict the operational
speed. By doing so, we aim to enable non-expert users to
gain a better understanding of state-of-the-art HS-AFM
techniques, including their advantages and limitations.
What’s more, instead of delving into extensive research
progress made in the broad fields of biology, biophysics,
and materials science, we narrow our focus to the specific
applications of HS-AFM in the domain of ultra-precision
surface machining and measurement. According to the
authors’ best knowledge, a comprehensive and system-
atic summary of the contributions that HS-AFM brings
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to this field is still lacking. The remarkable capabilities
of HS-AFM may not yet be fully acknowledged. Fur-
thermore, we also wish to highlight some recent break-
throughs that have the potential to facilitate the practical
deployment of HS-AFM in real-world applications, such
as semiconductor inspection. These advancements have
the capacity to unlock new opportunities for the utiliza-
tion of HS-AFM beyond the controlled environment of
the laboratory.

2 AFM operating modes and speed limitations
AFM is a powerful tool that allows various types of sam-
ples to be visualized and manipulated at the nanoscale.
Soon after its invention, it was realized that various tech-
nological developments would be required to address
certain limitations of the instrument [25]. This has
resulted in the emergence of novel imaging modes that
are constantly pushing the boundaries of AFM capabili-
ties [26]. In this section, we delve into the fundamental
principles of the three most common AFM operating
modes: contact mode, amplitude modulation mode, and
frequency modulation mode. We then proceed to outline
the primary challenges that restrict the scanning speed
in these modes. For additional representative operat-
ing modes, such as multiparametric mode and multifre-
quency mode, we recommend interested readers to refer
to [27] and [28] for more comprehensive information.

2.1 Contact mode atomic force microscopy (CM-AFM)

2.1.1 Operating principle of CM-AFM

CM-AFM is a popular operating mode where the AFM
tip maintains continuous contact with the sample sur-
face during scanning. The schematic of CM-AFM is
presented in Fig. 1. As the tip scans across the surface,
it experiences repulsive forces between the atoms of the
tip and the sample. These forces cause the cantilever to
bend, and by measuring this deflection, the topogra-
phy of the sample can be determined. The cantilever is
usually made of silicon or silicon nitride, and acts as a
mechanical spring that responds to the forces between
the tip and the sample. The detection of the cantilever’s
deflection can be achieved by either using a laser beam
that is reflected off the back of the cantilever and onto
a position-sensitive detector (PSD) [29], or by utilizing
an integrated sensing element such as a piezoelectric
layer [30] or a Wheatstone bridge consisting of piezore-
sistive elements [31]. One of the advantages of contact
mode is its simplicity and ease of use. It enables high-
resolution imaging of a wide range of samples. How-
ever, there are some limitations to contact mode, such
as the potential for tip wear or sample damage due to
the physical contact. Thus, it is important to carefully
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Fig. 1 Schematic of the contact mode and amplitude modulation mode. The dashed lines in blue represent the components required by AM-AFM

choose the probe and adjust the imaging parameters to
ensure optimal imaging conditions.

The contact mode can be further categorized into two
distinct types: constant-height contact mode and con-
stant-force contact mode [32]. In constant height mode,
the Z-scanner of the microscope maintains the AFM
tip at a given height. The interaction forces between the
probe and the sample cause deflection, which is then
recorded and used to generate a topographic image.
Constant-height contact mode is particularly useful for
high-resolution imaging and characterization. However,
soft samples might be destroyed by AFM tip since the
exerted repulsive force is essentially uncontrollable.
This issue is problematic when the sample has large
topographic variations. To address the challenges asso-
ciated with uncontrollable forces, the constant force
mode was developed. In this mode, a feedback control-
ler is introduced to adjust the position of the Z-scanner,
ensuring that the deflection of the cantilever remains at
a predetermined value. As a consequence, the repulsive
force applied to the sample is maintained constant. In
this mode, the displacement of the Z-scanner directly

z(t) = ce~?%in (wo V1-22%+ <p1) + Ag(w) sin (ot + o) +

mode imaging is frequently favored for these particular
applications.

2.1.2 Speed limitations of CM-AFM

Mathematically, the surface topography of a sample is a
combination of multiple sine and cosine functions. To
simplify the analysis, only the highest imaged spatial
frequency was taken into account in the model of Fig. 2,
which was designed to describe the interaction between
a cantilever and a compliant sample, and to provide
insights into the factors that limit the scan speed of CM-
AFM (35, 36].

mE(E) + cx(t) + (k + ko)z(t) = Fo + k <Bsm<2”ft )) 1)
where x and z are lateral and vertical position of AFM tip;
m, ¢ and k represent the first modal mass, damping con-
stant and stiffness of a lumped cantilever; k; is the sample
stiffness, F, is the external force acting on the cantilever
which is independent of tip position; A and A are the
amplitude and spatial period of the sinusoidal topogra-
phy. Let w = 2%/, the general solution of Eq. (1) is

(2)

0
k + ks

corresponds to the topography of the sample and is thus
recorded and used to generate an image.

While direct contact between the AFM tip and surface
may compromise accurate surface measurement and
characterization, it is advantageous for tip-based manip-
ulation [33] and fabrication [34]. Consequently, contact

where the resonant angular frequency, quality factor and
damping ratio of the cantilever are defined as

k + kg
wy =\ ——
m

(3)
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In Eq. (2), the first term represents the transient
response of the cantilever, while the second describes
the steady-state response. The third term results from
the equilibrium compression of the sample. To ensure
that the response of the probe accurately reflects the
topography of the sample during high-speed scan-
ning, it is necessary to ensure that the transition
time is much shorter than the steady-state sinusoidal
response, i.e.,

. Jwo
x L 20 (8)
Furthermore, Eq. (7) indicates that steady-state ampli-
tude A, is a function of w, and therefore depends on the
scanning speed, since w = 27x/4. The amplitude thus
tends to decay when w is large, with a critical value of

Wy = woy |1 — @ )
To guarantee that the scanning speed has minimal

impact on steady state imaging results, @ should be much
smaller than w,,, leading to
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The critical quality factor value Q, that makes Eq. (8)
and Eq. (10) equal is

Q. =/n?2 4+ 1/4.

When Q< Q, (high damping), Eq. (10) sets the velocity
constraint, whereas for Q> Q, (low damping), Eq. (8) lim-
its the velocity.

The analysis presented above highlights two key fac-
tors for achieving high-speed CM-AFM: small quality
factor and large resonant frequency of the cantilever.
Additionally, it suggests that higher scanning speeds can
be achieved as the stiffness of the sample increases. This
observation aligns with experimental findings that high-
speed scanning of hard samples tends to be much easier
compared to soft samples.

(11)

2.2 Amplitude modulation AFM (AM-AFM)

2.2.1 Operating principle of AM-AFM

AM-AFM, also known as tapping mode or intermit-
tent contact mode, involves the oscillation of a cantile-
ver with a sharp tip near its resonance frequency [37].
In this mode, the amplitude of oscillation is typically
maintained between 100-200 nm. As the tip of the
cantilever gets closer to the sample surface, it encoun-
ters repulsive forces, resulting in a reduction of the
oscillation.

During the scanning process, the oscillation ampli-
tude is monitored using either an optical beam deflec-
tion system (OBD) or integrated sensing elements. The
detected AC signal is then converted into a DC value
by using an RMS-to-DC converter. The RMS amplitude
is then compared with the predefined feedback set-
point. To minimize the error, a proportional-integral-
derivative (PID) controller is usually employed. This
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controller takes the error signal as input and dynami-
cally adjusts its output proportionally, integrates the
error over time, and applies derivative action to stabi-
lize the system. The output signal from the PID con-
troller is directed to a Z-scanner driver, which controls
the displacement along vertical direction. By precisely
regulating the Z scanner’s displacement based on the
feedback received, the error signal approaches zero.
This finding suggests that the oscillation amplitude of
the cantilever closely corresponds to the desired set-
point, ensuring precise and reliable surface measure-
ments. These sequential steps are repeated at multiple
locations along the scanning path while the scanner
moves laterally in the XY directions. The output signal
of the feedback loop is recorded at each location, allow-
ing for the reconstruction of the sample’s topography.
AM-AFM provides several advantages over CM-AFM
[38]. One key benefit is the reduction of lateral forces,
which is particularly advantageous for minimizing dam-
age to soft and delicate samples during scanning. Addi-
tionally, the intermittent contact also helps to extend
the lifespan of the tip by minimizing wear and tear. It is
important to highlight the high sensitivity of AM-AFM
to surface interactions. This sensitivity opens up possi-
bilities for investigating various surface characteristics,
such as elasticity [39], viscosity [40], adhesion [41] and
the distribution of magnetic and electric domains [42].

2.2.2 Speed limitations of AM-AFM
Similar to the analysis of CM-AFM, the free oscillation of
AFM probe can be modeled as [43, 44]

mzZ + ¢z + kz = Fy cos wt (12)

where z is vertical position of AFM tip; m, ¢ and k rep-
resent the first modal mass, damping constant and stiff-
ness of a lumped cantilever; F, is the excitation force that
drives the cantilever’s oscillation. The general solution of
Eq.(12) is
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probes with higher resonant frequencies and lower qual-
ity factors result in smaller time constants and more
transient behavior, as shown in Fig. 3. This implies that
the probe can transition faster between states. In high-
speed AM-AFM, the rapid transition of the probe
between steady states is crucial and directly affects the
quality of the resulting images.

Furthermore, to derive the transfer function of can-
tilever in AM-AFM, T. Sulchek et al. [43] proposed to
analyze the scanning process over a downward step, as
shown in Fig. 3. The transient amplitude as a function of
time is

A@t) = —(Ar — Ag)e "2 1 4y, (15)

where A and A, are free oscillation amplitude and the
setpoint amplitude, respectively. The normalized ampli-
tude increase as a function of time is given by

AA() = FE(1—e™t29) =a(l—e Q) 0 <a <)
(16)
where a = A;y/Ar. The Laplace transform of Eq. (16)
describes the frequency-domain response of the
probe’s amplitude variation when subjected to a step sig-

nal, and thus cantilever’s transfer function is

awy, /29 _ o

Ge(S) = o720 = 20/mps £ 1

(17)

Equation (17) shows that the amplitude variation of the
probe behaves like a typical first-order inertial system,
with -3 dB bandwidth of w,/2Q. Therefore, to improve
the imaging bandwidth and thus enhance the operating
speed, increasing the resonant frequency of the probe
while reducing its quality factor are effective solutions.

It is important to recognize that there is an inherent
tradeoff in AM-AFM operation associated with the Q
factor of the cantilever [46]. High-Q cantilevers are more
sensitive to changes in topography, but their long ring-up

F()/m

2(t) = Ce™ /22 cos(wu\/1 — L2t + @1 +

cos(wt — ¢2)

\/(w,% - a)z)2 + (0w, Q)*

(13)

where

wwy,/Q

2 _ 2’
w; — ®

@2 = acr tan (14)

C and ¢, are determined by the initial condition, and
the natural resonant frequency w,, = \/k/m.

Equation (13) indicates that the transient process of
probe motion exhibits an oscillatory damping behavior,
where the time constant is given by 2Q/w,. As a result,

time requires slower scan speeds. Because of this limita-
tion, AM-AFM is rarely used in vacuum as the Q factor of
the sensor is usually so high that the cantilever oscillates
many times before the amplitude settles to its new value.
On the other hand, low-Q cantilevers are less sensitive to
changes in interaction forces, but they react more quickly
to changes in topography. In other words, increasing the
scanning speed comes at the expense of sacrificing the
sensitivity.
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Fig. 3 Tapping mode speed limit analysis using a downward step. Redrawn according to [43] and [45]

2.3 Frequency modulation mode

2.3.1 Operating principle of FM-AFM

Frequency modulation atomic force microscopy (FM-
AFM) distinguishes itself from CM-AFM and AM-AFM
by achieving truly non-contact measurement of the
sample surface. Such an operating mode was originally
proposed by Albrecht et al. in 1990, shortly after the
invention of AFM [47]. In FM-AFM, rather than main-
taining continuous physical contact or intermittent con-
tact with the sample, a small excitation signal is applied
to the cantilever, causing it to vibrate near its resonance
frequency with a typical amplitude ranging from several
nanometers up to less than 10 nm [48]. The tip is posi-
tioned close to the sample surface, but without mak-
ing direct contact. As the tip-sample interaction forces
change the frequency of the cantilever’s oscillation, these
frequency variations are measured and used to gener-
ate high-resolution images and gather other information
about the surface properties.

The operational principle of FM-AFM, illustrated in
Fig. 4, involves three feedback loops [49]. The first is
an amplitude control loop, denoted by @, which measures
the amplitude A of the signal and compares it with a set-
point to determine the amplification of the excitation signal
®for the cantilever. To measure the frequency of the canti-
lever, a phased-locked loop (PLL) is employed, which main-
tains a fixed 90° phase difference between the input and
output of the PLL. The outputs of the amplitude control
loop and the PLL are then used to synthesize the excitation
signal of the shaking piezo to sustain a constant amplitude

of the cantilever during operation. The third feedback loop,
represented by (), maintains a constant frequency shift by
adjusting the distance between the tip and the surface (z
position).

The non-contact nature of FM-AFM offers several
advantages [50]. Firstly, it minimizes the chance of sample
damage, making it particularly suitable for delicate or soft
samples. Secondly, FM-AFM allows for the imaging of sur-
faces that are difficult to access in contact mode, such as
samples with liquid layers or soft coatings. Additionally, the
absence of direct contact reduces the influence of lateral
forces, leading to more reliable measurements.

However, as FM-AFM operates with the aid of three
independent control loops, it is inherently more complex
than CM-AFM and AM-AFM. Nevertheless, the qPlus
sensor, invented by physicist Franz J. Giessibl [51], has
emerged as a widely accepted and powerful core for FM-
AFM. Originally made from a quartz tuning fork with only
one tine oscillating, the qPlus sensor features self-sensing
capabilities as the deflection signal is obtained via the pie-
zoelectric effect [9, 52]. Its compact size also makes it espe-
cially valuable for high-vacuum environments where the
chamber space is limited.

2.3.2 Speed limitations of FM-AFM

According to operating principle discussed in previous
subsections, the key difference between AM-AFM and FM-
AFM is the use of two additional control loops: the ampli-
tude control loop and the frequency measurement loop.
Therefore, the system dynamics of FM-AFM can be built
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on existing results of AM-AFM, with additional considera-
tions for the dynamics of the two extra loops.

Kilpatrick et al. [53] modeled the transfer functions of
these two loops as follows:

Acant (0p) 1
Ag(wn) s+ 35

Ga(s) = Glock—in(S) (18)

0bcant 1
Gy(s) = ( 3:;: lwg = wn) @Glock#n(s) (19)

where A_,,,(w) and D, () represent cantilever’s ampli-
tude and phase responses, respectively; A, (w) is the
cantilever driving amplitude; G, ;,(s) is the frequency
response of the lock-in amplifier; o, is the natural reso-
nant frequency of the cantilever. Compared to the system
dynamics of AM-AFEM, as given by Eq. (17), the unique
component in FM-AFM is the PLL or lock-in amplifier.
Therefore, achieving high-speed operation in FM-AFM
requires improving the bandwidth and latency time, in
addition to optimizing other components for high-speed
operation of AM-AFM.

3 State-of-the-art HS-AFM solutions

3.1 Enabling techniques of high-speed CM-AFM

In the preceding Sect. 2.1.2, an in-depth investigation was
carried out to examine the critical factors that restrict the

(6) phase-locked loop (PLL)

(&)  amplitude control

el

amplitude dissipation

high-speed operation of CM-AFM, with a specific focus
on the tip-sample interactions. Equation (8) and Eq. (10)
highlight the significance of a small quality factor and a
large resonance frequency in ensuring optimal high-
speed performance. Furthermore, it is important to con-
sider the response time of the feedback loop in both the
lateral (X-Y) and vertical (Z) directions when addressing
CM-AFM. In this section, we will conduct a systematic
review of the enabling techniques that facilitate high-
speed operation in CM-AFM.

3.1.1 High-frequency cantilevers

The angular resonant frequency w, and the spring con-
stant k, of a rectangular cantilever with thickness d,
width w, and length [ are expressed as [54]

d |E

wd3
ke = Eﬁ (21)

where E and p are Young’s modulus and the density of
the cantilever, respectively. To enhance the operation
speed, one intuitive approach is to increase w, by either
reducing the length or increasing the thickness of the
cantilever, as suggested in Eq. (20). However, fabricating
thicker cantilevers may not be an optimal solution. This
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is because the spring constant is directly proportional
to the cubic power of the thickness, leading to a sig-
nificant increase in interaction forces during CM-AFM
scanning. Consequently, Hansma’s group proposed the
development of short silicon nitride cantilevers with
varying lengths ranging from 23 to 203 pum [55], while
maintaining a thickness in the range of several hun-
dred nanometers (See Fig. 5a) [54, 56]. The small canti-
lever permitted fast imaging of calcite crystal growth at
scan rates of 104 lines/s [57]. Ando’s group took a step
further by reducing the geometric dimensions of the
cantilever to 140 nm thick, 2 pm wide, and 10 pm long
[58, 59]. The cantilevers’ resonance frequency exceeded
1 MHz, and their spring constants were below 0.3 N/m,
greatly exceeding those of typical AFM cantilevers. The
authors also developed an extremely long and thin tip by
attaching amorphous carbon to the cantilever (Fig. 5b),
and thus led to image the surface structure of live cells
with a high spatiotemporal resolution [58]. Ivo Ran-
gelow’s group developed fast active cantilevers (Fig. 5c¢)
and cantilever array (Fig. 5d), which integrates actua-
tor and sensing elements into the probe [60, 61]. How-
ever, it was evaluated that the practical upper limit for
the attainable resonant frequency of small cantilevers
was no more than 3.5 MHz in water [24]. This limitation
occurs because the cantilever supporting base tends to
eclipse the incident laser beam used in the optical beam
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deflection (OBD) detector. In view of this issue, a new
type of probe (Fig. 5e) based on cavity optomechanics
was recently developed [62—64]. These probes exhibit a
remarkable 130 MHz mechanical resonance mode, sur-
passing the resonant frequencies of existing short probes
by two orders of magnitude. Furthermore, the utilization
of optomechanical detection has demonstrated outstand-
ing measurement resolutions. The probes have exhibited
the capability to achieve sub-picometer amplitudes in
vibration, a level of operation that was previously unat-
tainable with current AFM technologies. The authors of
[62] foresee that such advancements have the potential to
revolutionize next-generation HS-AFM, enabling ultra-
high-speed imaging with frame rates reaching millisec-
onds per frame.

3.1.2 Fast AFM scanner

The AFM scanner moves either the sample or probe in
three dimensions, allowing it to track variations in the
topography of the sample surface. Therefore, the mechani-
cal bandwidth of the scanner significantly impacts the
speed of scanning. Ando et al. presented the first high-
bandwidth scanner design in 2001 (Fig. 6al) [59]. The
developed scanner used separate sets of stack PEAs for
each of the three scan directions. To minimize the vibra-
tions induced by quick displacements of the Z-actuator,
two identical piezo-actuators were mounted in opposite

Fig. 5 Representative high-frequency cantilevers for HS-AFM: (a) Short cantilevers developed by Hansma's group [56]; (b1) and (b2) Comparison
of regular and long-tip cantilevers developed by Ando's group [58]; (c) Active cantilever with integrated actuator and sensing elements [60]; (d)
Quattro active cantilever array designed by Rangelow’s group [61]; and (e) Recently proposed optomechanical probe [62]
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Fig. 6 Fast AFM scanner design: (a1)-(a3) High-speed AFM scanners developed by Ando's group [22, 59, 67]; (b) Scanner with a push—pull
configuration developed by Hansma's group [69]; (c) Serial-kinematic scanner design [70]; and (d) High-bandwidth tripod scanner [71]

directions. The first resonant mode was reported to occur
around 60 kHz. Later, an improved design was proposed
that utilized mechanical flexures to replace the ball-guide
stage in the previous design (Fig. 6a2) [65], and thus is
more stable and easier to construct. More recently, an
ultra-fast Z-scanner was developed the same group, fea-
turing a resonance frequency above 1.1 MHz [66]. The
scanner utilizes a small piezo-stack supported at its bot-
tom four vertices on a cone-shaped hollow, which main-
tains the resonance frequency of the Z-scanner at the same
level as that of the piezo in free vibration. While these
designs have extremely high resonance frequencies, one
drawback is their limited scan range, which is typically
less than 1 pm. To address this issue, a wide-area scanner
(Fig. 6a3) was developed that employs a leverage mecha-
nism to magnify the displacements of stack actuators [67,
68], resulting in a maximum XY scan range of 46 X 46 um>.
Because of a lower resonance frequency of 2 kHz, this
design achieves an imaging rate of 3 s per frame.

Fantner et al. introduced another classical high-speed
scanner design comprised of multiple piezo-stack actua-
tors and comb-flexures (Fig. 6b). The comb-flexure is an
array of vertical blade springs that are rigid in the direc-
tion of the piezo’s motion and flexible in one of the per-
pendicular directions. This design achieved a resonance
frequency of 23.4 kHz, with a scan range of 15 pm in the

X and Y directions and 6 um in the Z direction. By uti-
lizing this scanner, an imaging rate as high as 8 frames
per second was achieved. Kenton et al. also developed a
high-bandwidth nanopositioner based on a serial-kin-
ematic design (Fig. 6¢), which employs vertically stiff,
double-hinged serial flexures to guide the motion of the
sample stage [70]. The lateral and vertical ranges of the
nanopositioner were 9 pmx9 pm and 1 pm, respectively,
with resonance frequencies of 24.2 kHz, 6 kHz, and
70 kHz. As the mass of the sample stage has a significant
impact on the mechanical bandwidth, Yang et al. devel-
oped a rigid tripod scanner in which three scanning axes
mutually support each other (Fig. 6d), enabling each axis
to achieve high resonance frequencies above 20 kHz [71].

Besides flexure-based scanner design, Humphris and
co-workers utilized the resonance of a tuning fork to gen-
erate fast scanning motions [72]. This allowed constant
height CM-AFM imaging of 5X5 pum? area at approxi-
mately 50 fps. Picco et al. improved this design by using
a combined tuning fork and flexure-stage scanning sys-
tem [73]. As no feedback involved in the Z-direction,
the scanning speed was only limited by the cantilever
dynamics and thus was capable of ultra-high-speed
imaging in excess of 1000 fps. Building on a similar con-
cept, Zhao et al. extended the scan range to 37.5 pm
and achieved an imaging time of less than 1 s per frame
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[74]. As the interaction forces are essentially uncontrol-
lable, it is important to have a sufficiently flat sample sur-
face to minimize their effects.

3.1.3 Wide-bandwidth power drive

Existing HS-AFM scanner were usually actuated by pie-
zoelectric stacks. Electrically, these actuators are non-
linear capacitive loads that demand high voltage and
large output current when operating at high frequen-
cies. Meeting these requirements presents a significant
challenge in the design of power drives, typically volt-
age amplifiers. To tackle this problem, Fleming designed
a dual amplifier that achieved a small-signal bandwidth
of 2 MHz with a 100 nF capacitive load [75]. The dual
amplifier comprises of a high-voltage amplifier and a fast
low-voltage amplifier, which work in tandem to enhance
performance at higher frequencies. However, the devel-
oped dual-amplifier arrangement has a worst-case power
dissipation of only 30 W, which reduced travel range at
high frequencies. Wang et al. carefully analyzed the sta-
bility of a piezo drive with an emitter follower, and fur-
ther proposed a compensation scheme [76]. Xu et al.
considered the amplifier circuit as a closed-loop system,
and applied classical control theory to tune the param-
eters. As a result of these efforts, the developed piezo
driver was able to achieve a bandwidth of up to 50 kHz,
with ripples less than 2 mV [77].

Another fascinating type of power drive for HS-AFM
scanners is the charge drive, which seeks to integrate
hysteresis and creep control capabilities into the drive
circuit. Charge drive utilizes the linear relationship
between the inflow charge and the resulting displace-
ment to drive piezo-actuators. The unfavored hysteresis
and creep nonlinearities can thus be avoided. Histori-
cally, Comstock first pointed out that the relationship
between the free charge and the displacement of PEAs
is almost linear [78]. A more detailed analysis was pro-
vided by Main et al. in [79]. By far, couples of new imple-
mentation schemes have been proposed, including
resistive dc feedback with an inverse configuration [80],
grounded-load [81], diode-based stabilization [82] and
active dc stabilization [83], etc. In addition, digital elec-
tronics [84] and switched capacitor technique [85] have
also been chosen for hardware implementations. Despite
being proposed four decades ago, charge drives have not
been widely adopted in industry due to the limited quasi-
static performance, stroke loss, difficulties in match-
ing ac and dc gains, and long settling times. To address
these issues, Yang et al. proposed the concept of nonlin-
ear charge control [86] and further developed a charge
drive with decoupled and self-compensating configura-
tions [87]. It was shown in [87] and [88] that hysteresis
induced imaging distortions have been well suppressed.
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A comprehensive review by Yang et al. [89] summarized
the latest research developments in this field.

3.1.4 Advanced control strategies

High-speed CM-AFM necessitates advanced control
strategies to fulfill two crucial objectives. Firstly, the pre-
cision and speed of scanning motion can be adversely
affected by piezoelectric hysteresis, creep, and mechani-
cal resonance. The successful mitigation of these issues
heavily relies on the implementation of control solu-
tions. Secondly, innovative control strategies are required
to accurately regulate the contact force, minimizing its
impact on the sample surface and guaranteeing the reli-
able and robust operation of CM-AFM.

To mitigate the impact of undesired nonlinearities and
resonance, feedforward control approaches have gained
widespread adoption. The fundamental concept revolves
around accurately modeling the system dynamics and
subsequently constructing an inversion-based compensa-
tor. For instance, numerous hysteresis models have been
developed for this purpose, such as the Bouc-Wen model
[90], Prandtl-Ishlinskii model [91], polynomial model
[92] and others. Based on these models, inverse hyster-
esis compensators have been designed via the inverse
multiplicative structure [93], disturbance-observer-based
inversion method [94] and adaptive inverse method [95],
just to name a few. The interested reader may refer to
review paper such as [96] for details. Similar idea works
for creep effect compensation [97]. As for feedfoward
vibration control, there are several well-established meth-
ods, including optimal inversion [98], notch filter [99]
and input shaping techniques [100]. However, the major
drawback of feedforward control lies in its inability of
dealing model uncertainties and external disturbances.
Thus, feedback control strategies have been developed.
Given that the scanning path is periodic and highly repeti-
tive, iterative learning control [101] and repetitive control
[102] has been considered as a good solution to guarantee
precision motion of AFM scanner. By treating undesired
nonlinearities and resonance as a lumped disturbance,
disturbance rejection based control strategies, such as
sliding mode control [103] and disturbance observer
based control [104], have been shown to be effective.
Additionally, model-based control strategies were also
developed to optimize motion control performance based
on prior knowledge of the scanner’s dynamics. Model
predictive control [105], internal model control [106],
and H;. control [107] are representative methods falling
under this umbrella. The interested readers are recom-
mended to refer to [108] and [109] for further details.

Regarding contact force control, Ren et al. proposed
adjusting the cantilever deflection set-point for each
scanline to the minimum level necessary for stable
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probe-sample contact [110]. To enhance sample topog-
raphy tracking, they integrated a data-driven iterative
feedforward control, which utilizes a prediction of the
next-line topography, into the topography feedback loop.
Swiadkowski et al. devised active electromagnetic can-
tilevers to accurately regulate the force applied to the
sample [111]. Furthermore, they implemented a predic-
tive proportional-integral-derivative controller to achieve
nearly zero interaction force. Likewise, Lavanya et al. sug-
gested regulating the tip-sample force through magnetic
actuation, which utilizes real-time topography estimation
to cancel out the interaction force [112]. A reduction by a
factor of 12 in the variation of interaction force was dem-
onstrated. These efforts have significantly addressed the
challenge of high-speed CM-AFM.

3.1.5 Various scanning paths

AFM commonly employs raster or zig-zag paths to scan
over the X-Y plane, due to its advantages of a constant
scanning velocity together with evenly distributed pixel
resolutions. However, the triangular trajectory intro-
duces odd harmonics that can excite the mechanical
resonance of the scanner, leading to significant tracking
errors. The scanning line rate is thus typically limited to
1% of the scanner’s fundamental resonance frequency
[113, 114]. In addition, the slow, step-like motion of the
slow axis may cause a creep effect that can result in fea-
ture drift in the AFM images [115].

al a2

y (pm)

bl

y position (um)

Page 11 of 22

To address concerns with the triangular scanning tra-
jectory, various alternative scanning paths have been pro-
posed. The key concept behind these new designs lies in
replacing the triangular trajectory with a sinusoidal tra-
jectory. Building upon this idea, Fleming et al. proposed a
sinusoidal raster scanning path, where the fast axis of the
AFM scanner is driven by a sinusoidal trajectory while
the slow axis is actuated in steps [116]. In addition to the
sinusoidal raster scanning path, Mahmood proposed a
spiral scanning path (Fig. 7al) that combines sinusoidal
and cosine trajectories of the same frequency but differ-
ent amplitudes [117]. This approach offers benefits such
as uniform scanning and a limited frequency spectrum.
Lissajous (Fig. 7b1) is another alternative non-raster scan-
ning pattern that can achieve high-speed imaging, which
tracks a purely sinusoidal signal with fixed amplitude but
varying phase and frequency [118]. Yong et al. presented
the cycloid scan pattern (Fig. 7cl), involving a sinusoidal
trajectory in one axis and a combination of sinusoidal tra-
jectory and a ramp input in the other axis [119]. This pat-
tern enables video-rate imaging even though the scanner
has a relatively low mechanical bandwidth [120]. Ziegler
et al. also proposed an optimized spiral scanning path
that combines a constant angular velocity spiral in the
center and transitions to constant linear velocity toward
the periphery. This approach achieves a high-speed imag-
ing rate of multiple frames per second while maintaining
high data density and distribution [121].
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3.2 Enabling techniques of high-speed AM-AFM

The key distinction between CM-AFM and AM-AFM lies
in that the cantilever vibrates around its resonance fre-
quency in AM-AFM. Section 2.2.2 highlight the crucial
role of the cantilever’s natural resonance frequency and
Q-factor in achieving high-speed AM-AFM. Building on
the progress described in the previous section regarding
the fabrication of small cantilevers, this section will start
from the regulation methods for controlling the Q-factor.

3.2.1 Q-control of cantilever

The Q-factor of a cantilever can be regulated using two
primary approaches: passive damping, achieved by
changing the material properties, and active damping,
implemented through design control strategies.

Passive damping involves selecting cantilever mate-
rials with high damping coefficient. Towards this end,
Adams et al. proposed to use cantilevers made of viscoe-
lastic material to mimic the high damping environment
in fluid, yielding cantilevers with inherently low quality
factors in any medium [45]. The fabricated polymer can-
tilevers exhibited a 19 times improvement of detection
bandwidth when imaging in the air. In [122], researchers
successfully fabricated hydrogel cantilevers with inten-
tionally low Q-factors. The utilization of hydrogel materi-
als in the fabrication process not only enabled enhanced
imaging capabilities but also facilitated a simpler, faster,
and more affordable manufacturing route for HS-AFM
instrumentation.

Active damping, on the other hand, focuses on imple-
menting feedback control to regulate the Q-factor. Sul-
check et al. proposed to use the on-chip actuator to add
a force that is proportional to the velocity of the canti-
lever for frequencies in the imaging bandwidth [46]. As
a result, the Q-factor was successfully reduced by a fac-
tor of 20. Coskun developed a positive position feedback
controller to actively tailor the Q-factor of the cantilever
[123]. The effect of Q control on the cantilever’s transient
response has been illustrated via fast AFM imaging. Like-
wise, another promising approach for Q-factor regulation
is piezoelectric shunt control, which utilizes an electrical
impedance placed in series with the tip oscillation circuit
to regulate the mechanical damping [124].

3.2.2 Fast amplitude estimation

In AM-AFM, accurately estimating the surface topogra-
phy requires precise regulation of a cantilever’s vibrating
amplitude. A rms to dc converter is typically employed,
which comprises a rectifier circuit and a low-pass fil-
ter [22]. However, inaccurate amplitude estimates can
arise if there are additional frequency components in
the displacement signal. In such cases, high-frequency
oscillations must be removed from the low-bandwidth
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amplitude estimate, resulting in long convergence times
which limits the imaging bandwidth in AM-AFM.

In response to this challenge, Ando et al. devised a
peak-hold solution specifically designed for high-speed
AM-AFM [59]. This novel technique entails capturing the
maximum and minimum voltages of the cantilever oscil-
lation and calculating the difference as the amplitude. By
utilizing this approach, video-rate topography imaging in
liquid environments becomes attainable [125]. It should
be noted that a drawback of this technique is its suscep-
tibility to noise interference. Another effective approach
for amplitude estimation is the well-known Lock-in
amplifier (LIA). Nonetheless, its primary limitation stems
from the utilization of a low-pass filter to eliminate high-
frequency components during the mixing process [126].
To overcome this limitation, Karvinen et al. developed a
high-bandwidth LIA that incorporates phase cancella-
tion to precisely eliminate the 2w component, resulting
in a significantly broader low-pass filter bandwidth [127].
Additionally, Ragazzon et al. devised a strictly posi-
tive real Lyapunov design approach to achieve the same
objective, which led to the development of a high-band-
width Lyapunov estimator with low complexity [128].
The enhanced imaging capabilities of AM-AFM further
validated the effectiveness of the developed techniques.

3.3 Enabling techniques of high-speed FM-AFM
FM-AFM can be viewed as a natural evolution of AM-
AFM. Consequently, the enabling techniques mentioned
in AM-AFM, such as small cantilevers and Q-control
techniques, continue to hold importance in FM-AFM as
they contribute to the overall performance of the system.
On the other hand, the distinguishing factor in FM-
AFM lies in the incorporation of the phase-locked loop
(PLL) circuit. PLL plays a crucial role in FM-AFM by
serving dual purposes: detecting vibration frequency
and generating a cantilever excitation signal based on
the cantilever deflection. In a conventional PLL setup,
a low-pass filter is employed to generate a phase signal
(Fig. 8a). However, the use of this filter introduces a sig-
nificant latency, consequently limiting the overall band-
width [129]. Recognizing these issues, Fukuma et al. put
forward a novel PLL circuit to enhance the bandwidth
and thus reduce the latency (Fig. 8b) [130, 131]. In this
arrangement, a phase detector utilizing a high-pass fil-
ter is positioned outside of the phase feedback loop. By
detecting the phase difference between the deflection
and excitation signals through a subtraction circuit with
minimal latency, such a PLL circuit achieves more than 10
times improvement in terms of detection bandwidth, thus
enables atomic-resolution imaging in liquid at a rate of 1
frame per second [130]. This remarkable achievement has
established high-speed atomic-resolution imaging as a
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(a) Conventional PLL with low-pass filter
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Fig. 8 Schematics of (a) conventional PLL with low-pass filter and (b) low-latency subtraction-based PLL [130]

routine practice, enabling successful investigations of var-
ious dynamic processes, such as calcite dissolution [132]
and Chitin Nanocrystal-Water Interfaces [133].

4 Applications in nanofabrication and metrology
4.1 High-throughput tip-based lithography (TBL)
Tip-based lithography has emerged as a promising alter-
native to conventional lithography for creating struc-
tures with nanoscale features. A variety of techniques
have been developed to modify materials at the inter-
face between the probe and surface, resulting in different
lithography methods. By using a sharp tip in contact or
close proximity to a nanoscale area of a sample surface,
it becomes possible to control a wide range of processes,
including mechanical, thermal, electrostatic, chemical
interactions, or various combinations thereof.

While TBL holds great potential for creating nano-
structures, the limited throughput has hindered its prac-
tical applications. Nevertheless, recent developments
of HS-AFM technology have significantly mitigated this
gap, rendering TBL an increasingly attractive form of
nanolithography for industrial applications. Historically,
Quate and co-workers pioneered this field by patterning
40 nm features in siloxane, with writing speeds in excess
of 1 mm/s [134]. Szoszkiewicz et al. [135] developed a
technique utilizing a resistively heated AFM cantilever

(Fig. 9a) to locally heat a thin film of p(THP-MA) on
glass to 140 °C, resulting in the creation of controlled
chemical patterns with high density and resolution. This
technique was shown to write and read chemical patterns
at speeds faster than 1 mm/s, with a sub-15 nm feature
size and a line density of 2x10” lines/m. Miles’ group
performed local oxidation (Fig. 9b) by applying a volt-
age between the tip and sample to fabricate silicon oxide
nanostructures on a silicon surface [136]. They were able
to fabricate oxide features during imaging, with relative
tip-sample velocities of up to 10 cm/s and a data cap-
ture rate of 15 fps. Besides, Dip-pen nanodisplacement
lithography (DNL) is another powerful technique for
fabricating 3D polymer nanostructures. Chen et al. [137]
conducted a systematic investigation of the molecular
displacement mechanism of dip-pen nanolithography
(DNL), leading to ultrafine control of 3D structures and
high-speed patterning simultaneously. The study dem-
onstrated a significant enhancement of the fabrication
speed by up to 200-fold. More recently, Yao et al. [138]
reported a high-speed surfing probe technique to con-
tinuously pattern the substrate surface at a linear veloc-
ity of meters per second (Fig. 9c). The fast scan motion
of the writing probe is precisely controlled by using self-
adaptive hydro- and aerodynamics functions of a pattern-
ing head. The direct writings of nanoscale patterns were
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achieved by ultrafast electron-induced deposition inside  field was conducted by Quate’s group, which utilized an
a nanoscale flow at a patterning frequency of 20 MHz. array of 50 cantilevers operating in parallel for simulta-

Considering that TBL is essentially a serial process, neous imaging and local oxidation over areas as large
another straightforward solution to enhance the through-  as 100 mm? [142]. This approach achieved tip speeds
put is by developing parallel TBLs. The early work in this ~ of 1 mm/s for imaging and 1 pm/s for lithography. IBM
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expanded on this multiple-probe concept by developing
a data storage system named Millipede (Fig. 9d) [143].
Millipede utilized a large array of AFM-type cantilevered
tips (64x64) to write, read, and erase data on very thin
polymer films, resulting in a storage density exceeding 1
Tbit/in%. Rangelow’s group developed a massively paral-
lel cantilever platform, consisting of 128 self-sensing and
self-actuated proximal probes (Fig. 9e) for electrostatic
lithography. Furthermore, the authors developed an AFM
system capable of field-emission scanning probe lithog-
raphy on 150 mm wafers (Fig. 9f), providing excellent
stitching accuracy of better than 3 nm [141]. Although
still in the early stages, this system may pave the way for
reliable single digit nanometer lithography in the near
future [144].

4.2 High-speed surface metrology at the nanoscale
HS-AFM technique has gained significant attention as
a promising solution for meeting the demands of high-
speed nanoscale metrology. Dai et al. from the National
Metrology Institute of Germany have made notable
advancements in developing a high-speed metrologi-
cal large range AFM (Fig. 10a) [145]. Their experimental
investigations have demonstrated remarkable perfor-
mance, achieving step height measurements with an
accuracy below + 0.7 nm, together with a high scan speed
up to 1 mm/s. Based on these achievements, the authors
further combined different stages and sensors to cover a
wide spatial spectrum of the surface, and realized a new
concept of reference areal surface metrology approach
[146]. Likewise, Klapetek et al. developed large area high-
speed metrology AFM system, which combined an inter-
ferometer based large area XYZ positioning stage with a
high-speed AFM XY scanner (Fig. 10b), achieved nanom-
eter resolution over a millimeter scan range [147]. In a
more recent work, Heaps et al. brings real-time trace-
ability to HS-AFM [148]. In the developed metrological
system, the traceable metrology was achieved by using
optical interferometry, resulting in traceability for both
short-range video-rate images and large-area images
obtained from a hybrid long-range positioning system.
The high-speed capability together with the higher lat-
eral resolution shows clear advantage in comparison to
optical techniques. Furthermore, Zhang et al. introduced
a novel approach that combines AFM with microlens-
based scanning optical microscopy [149]. This method
involves attaching a microlens to the end of the AFM
cantilever, with a deposited tip on the sample-facing side
of the lens. By incorporating the microlens, the imaging
throughput was enhanced by approximately eight-fold
compared to a commercial AFM.

Recently, an impressive development has emerged
in the field of metrological AFM with a novel idea of
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designing cantilever-free parallel AFMs. This idea might
pave the way for further improvements of metrology
throughput. Specifically, Cao et al. devised such a novel
massively parallel AFM through the combination of a
cantilever-free probe architecture and a scalable optical
method for detecting probe-sample contact (Fig. 10c)
[150]. In their initial demonstration, they employed 1088
probes in parallel, enabling the imaging of a 5 mm wide
surface with nanoscale resolution. This new imaging
approach has opened new avenues for rapid and high-
resolution measurement of surface topography. Likewise,
Kim et al. have presented a cantilever-free elastomeric
probe design and hierarchical measurement architecture
that enables the readily reconstruction of high-resolution
and high-throughput topography images (Fig. 10d) [151].
In a single scan, they achieved the acquisition of 100
images over a 1 mm? area in less than 10 min using a 100-
tip array, which demonstrates the great potential of their
approach for large-scale tip integration and its superior-
ity over existing methods.

It is worth noting that tip wear is another critical issue
for metrological HS-AFM. Strahlendorff et al. conducted.

a rigorous quantitative investigation on this issue and
revealed that high scan speeds, reaching up to 1 mm/s,
have minimal impact on tip wear, but they do pose an
increased risk of tip breakage [152]. Notably, the study
attributed tip wear primarily to the integrated dissipated
energy, while tip breakage was mainly associated with the
temporally peak lateral force. Based on these insightful
findings, the authors thus envision that the ultimate solu-
tion to solve the problem lies in the development of AFM
probes capable of true 3D detection of tip-sample inter-
action forces.

4.3 Nanofabrication process inspection

In ultra-precision fabrication processes, ensuring opti-
mal products highly depend on effective quality con-
trol and defect monitoring. As features become smaller
and more complex, maintaining high-quality stand-
ards and conducting yield analysis become increasingly
critical. To achieve this, implementing reliable metrol-
ogy and inspection techniques in nanofabrication pro-
cesses is vital for detecting errors and minimizing waste
before proceeding to subsequent processing steps. In
these application scenarios, HS-AFM stands out from
its electron-beam and optical inspection counterparts,
due to its seamless integration capability with machin-
ing tools. Such an advantage enables in situ and online
inspection of various manufacturing processes. Paul
et al. [153] from IBM devised a 3D thermal lithogra-
phy system that offers rapid turnaround by integrating
fast thermomechanical writing of a polymer resist with
in situ thermoelectric topography sensing. The developed
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for high-throughput topology measurement [151]

setup permits nanoscale lithography and inspection to  demonstrated a linear scan speed of 20 mm/s, a posi-
be conducted consecutively without the need to remove tioning accuracy of 10 nm, and a read-back frequency
the sample for a separate development step. The authors  bandwidth of 100,000 line-pairs/s. Yang et al. designed a
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novel tip-scanning HS-AFM and successfully integrated
it with focused electron-beam induced deposition pro-
cess (Fig. 11a) [154]. Such an integration enables in situ
measurement of multi-step 3D nano-printing process,
showcasing how a complex miniature Swiss mountain
Matterhorn has been constructed step-by-step. Further-
more, the developed HS-AFM makes it possible, for the
first time, to investigate the evolving mechanical stability
immediately after fabrication, and opens a door for vari-
ous studies such as the morphological change with time
in the low nanometer range. Likewise, Rangelow’s group
has made significant strides by developing a six-axis
AFM and integrating it with a high-resolution SEM/FIB
system (Fig. 11b) [155]. This combination of AFM, SEM,
and FIB technologies presents a plethora of opportunities
for hybrid imaging [156], fabrication [157], and analysis
[158] of nanostructures. Fantner’s group designed a ver-
satile AFM and installed it into the SEM chamber, and
thus enabled the inspection of nanoindentation process
in vacuum [159]. An updated version of this AFM was
then integrated with a helium ion microscope (HIM)
(Fig. 11c). This novel instrument achieved in situ cor-
relative analysis and machining at the nanoscale [160].
In addition, Iwata et al. introduced a human-in-the-loop
nanomanipulation system that combines a HS-AFM with
a haptic device to enable real-time teleoperated nanocut-
ting and nanoindentation tasks. This innovative system
bridges the gap between human operators and nanoscale
objects, allowing for precise and intuitive manipulation
of nanomaterials [161].

The inspection of semiconductor manufacturing pro-
cesses is a particularly compelling application for HS-
AFM. Kohli et al. reported a customized HS-AFM with
a height contrast mechanism to obtain wafer surface
images, which provides topographic information such as
step height, polishing depth and surface roughness [163].
Yao et al. developed a metrology system with an ulti-
mate objective of enabling reliable in-line wafer inspec-
tion and quality control [162]. The system is composed
of a single-chip AFM, a flexure-based positioning stage,
and a passive wafer alignment stage (Fig. 11d). Impres-
sively, the system can complete the entire wafer inspec-
tion process in less than a minute, from wafer in to wafer
out. The authors then conducted simultaneous, non-
contact inspections at multiple hotspots and achieved a
throughput of 60 wafers per hour for five-site measure-
ments on a 4-inch wafer [164]. This corresponds to a
nanometrology throughput of 66,000 um? per hour. A
major concern in HS-AFM inspection lies in its impact
on the wafer surface. In their work, Sadeghian et al. con-
ducted a critical evaluation of the issue of surface dam-
age induced by HS-AFM imaging [165]. In particular, the
issues of surface damage in four major scanning modes,
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namely CM-AFM, AM-AFM, FM-AFM, and peak force
tapping, are examined to determine the most appropri-
ate modes for various applications. The study revealed
that an improper choice of scanning modes and param-
eters can result in substantial contact stress, which was
identified as the primary cause of surface damage. Kohli
et al. also conducted a thorough safety factor analysis of
the high-speed imaging process and found that applying
a force larger than 10 nN to the wafer surface resulted in
damage to the pattern [163]. These findings offer AFM
users valuable insights into scanning parameters to avoid
sample damage during inspection.

5 Future outlook

We have systematically summarized research progress
in the past three decades that enable high-speed opera-
tion of CM-AFM, AM-AFM and FM-AFM modes. It was
shown that Q-factor and natural resonance frequency of
the cantilever are essential in governing tip-sample inter-
actions and thus should be optimized for enhancing the
operational speed. Regarding the scanning unit, enabling
key techniques such as fast scanner design, wide band-
width power drive, advanced control strategies and novel
scanning paths enhance the imaging rate of CM-AFM up
to video rate. These shared technologies also serve as the
fundamental basis for both AM-AFM and FM-AFM. Fur-
thermore, the Q-control of the vibrating cantilever, along
with fast amplitude estimation required by AM-AFM,
and the high-bandwidth PLL required by FM-AFM,
contribute to high-speed operation of these two modes
in liquid environments. The unprecedented operational
speed provided by HS-AFM enables high throughput
TBL together with in-line metrology and inspection of
various nanofabrication processes. In particular, the
development of massively parallel AFMs holds tremen-
dous potential for future industrial applications.

Looking ahead, it is crucial to carefully address sev-
eral open issues, which constitute the future directions
in the field of HS-AFM. Firstly, high speed operational
modes with gentle applied force such as AM-AFM and
FM-AFM, are currently limited to operations in aque-
ous environments. However, since the majority of nano-
fabrication processes occur in either ambient or vacuum
conditions, there is a strong need for further advance-
ments in Q-factor control through materials design and
control strategy development. Tackling this problem
will elevate the metrology and inspection capabilities of
HS-AFM to an entirely new level. Secondly, to fulfill the
essence of nanofabrication, which involves manufactur-
ing large quantities of nanoscale structures at potentially
low cost, HS-AFM must possess both high speed and a
large scanning range, extending up to at least the millim-
eter level. This requirement differentiates the developed



Yang et al. Surface Science and Technology (2023) 1:7

Page 18 of 22

Topography [nm]

0 nm — 60 nm 0 nm I— 80 nm 0 nm I— 100 nm 0 nm I— 150 nm

Layer 1-3 Layer 4-6 Layer 7-9 Layer 10-12
8

o’

0 nm I— 180 nm 0 nm I 180 nm 0 nm I—— 180 nm 0 nm I— 220 nm
Layer 13-15 Layer 16-18 Layer 19-21 Layer 22-25

" AFM approach

cradletiit 1
X)

AFM

AFM
XY coarse stage -
mounting

AFM J e — . v bracket

cantilever
 set-screws (8x)

HIM pole-piece

AFM cantilever

specimen

AFM coarse

sample stage (X, Y)

stage < .
(X.Y.Z,02) = stage cradle

99.14 £ 2.62 nm

96.12 + 2.37 nm ‘
Thermal actuators
4-inch wafer

Vertical bimorph & |
z e a

Calibration
sample

91.98 +2.32 nm

93.23 £ 3.47 nm 94.12+£4.75 nm

Fig. 11 Nanofabrication process inspection with HS-AFM. a In situ and online inspection of multi-layer 3D nanoprinting process [154]. b In situ
inspection of various nanofabrication processes including lithography and nanomachining [156, 158]. ¢ Integrated AFM and helium ion beam

for in situ nanomachining and analysis [160]. d Instrumentation development and measurement results for in-line inspection of nanoscale features
in semiconductor manufacturing system [162]




Yang et al. Surface Science and Technology (2023) 1:7

instruments from those primarily used for biological
investigations. However, since the scanning range and
speed are inherently contradictory in existing designs,
there is a strong demand for innovative solutions in the
scanning mechanism. Thirdly, while parallel AFMs have
shown promising potential, their development is still in
the early stages. Contact modes are commonly used for
high-throughput inspection and metrology due to their
simple configuration. However, this simplicity comes at
the cost of tip wear and potential surface damage. On the
other hand, AM-AFM and FM-AFM require more com-
plex control electronics for implementation. The scaling
up of these techniques for parallel operations remains
an open question. Resolving these challenges neces-
sitates persistent and dedicated efforts. Nevertheless,
these endeavors hold the promise of propelling HS-AFM
beyond the confines of the laboratory, leading to its wide-
spread implementation in real-world applications.
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