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1.  Introduction

High-speed atomic force microscopy (AFM) has proven to be 
a powerful tool for visualizing different phenomena in vari-
ous research fields such as material science [1, 2], life science 
[3, 4], chemistry [5, 6] and industry [7, 8]. The instrument 
has also enabled different surface characterizations and analy-
ses with an exceptional level of spatial resolution in diverse 
environments. For example, in life science AFM has enabled 
the visualization of a walking myosin V [9], kinesin mole-
cules [10], bacterial behaviors [11, 12], and determining the 
morphology of cancer cells [13, 14]. Some of these studies 
have shown insights into different biological processes that 
were not previously clarified. Just as a chain is only as strong 
as its weakest link, AFM’s speed is limited by the slowest 

component in its entire control loop. Achieving high-speed 
imaging requires innovations in cantilevers, scanners, deflec-
tion measurement techniques, and electronic controllers. In 
the recent past, the development of cantilevers with resonant 
frequencies higher than 300 kHz helped push the scan speed 
higher [15–17]. Higher resonant frequency cantilevers were 
made possible by significantly reducing the size of the canti
levers, thereby reducing the effective mass while increasing 
the stiffness. Small cantilevers not only allow fast scanning 
[18, 19] but also limit the force noise, thereby allowing even 
smaller forces to be detected [20].

However, a way to effectively excite small cantilevers in 
the MHz regime, especially in a liquid environment, remains a 
challenge. The presently used cantilever excitation techniques 
include piezo-acoustic, magnetic [21, 22], Brownian motion 
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[23, 24], photo-thermal and electrostatic excitation [25]. The 
prevalent method adopted by many AFM designs is the piezo-
acoustic excitation partly because of its cost effectiveness, 
ease of implementation, and operation. However, the indirect 
excitation of the cantilever causes a number of cantilever reso-
nances to appear in liquid environments [26]. Photo-thermal 
cantilever excitation offers an alternative means of directly 
driving the cantilever, thus preventing spurious resonances in 
addition to its wide applicable frequency range [27].

2.  Experiments and discussion

2.1.  Optics design

A schematic of our home-made photo-thermal, high-speed 
atomic force microscope scan head (PHS-AFM) is shown in 
figure 1. In order to implement the photo-thermal excitation 
of a cantilever in the proposed AFM design, a 30 mW pig-
tailed laser diode (LP405-SF30, Thorlabs) with a center wave-
length of 405 nm was used. The collimation of the laser was 
achieved by using an adjustable focal point collimator (FC/PC 
CFC-11X-A, Thorlabs) that allowed a variable output beam 
diameter. For detection, a 2.5 mW pigtailed laser diode with 
a center wavelength of 635 nm provided more than enough 
laser power for the optical beam bounce detection (OBD) 
technique for cantilever deflection measurements. The detec-
tion laser was directed to a collimator (FC230FC-B, Thorlabs) 
via a single-mode fiber optic cable to achieve a beam diameter 
of about 0.8 mm. A compact laser diode mount (LDM9LP, 
Thorlabs) was used to protect the pigtail from physical dam-
age while also offering an excellent temperature regulation. 

The design of the mount reduces the thermal gradient across 
the laser diode, while its cold block cradles the pigtail housing 
for excellent heat transfer. Both the 405 nm and 635 nm laser 
diodes were driven in constant-current mode using two laser 
diode controllers (LDC501, Stanford Research Systems).

Both the detection and excitation laser beams were brought 
to the same optical path via a dichroic mirror (DMLP550T, 
Thorlabs) oriented 45◦ to the optical path of the microscope 
objective lens. A quarter-wave plate (WPMQ05M-633, 
Thorlabs) allowed the detection laser beam reflected at the 
back of the cantilever to be directed to the position-sensitive 
photodiode (PSPD) [28]. The proposed architecture simplifies 
the design of the otherwise complicated scan head in order 
to accommodate the extra optical components in addition to 
achieving the desired compactness.

In order to achieve the needed tight focusing of the laser 
beams, we used a microscope objective lens (LUCPlanFLN 
20X, Olympus) with a working distance of about 7.5 mm. A 
beamsplitter partially split the reflected laser beam to a CCD 
camera for viewing the focused laser spot at the back of the 
cantilever during the laser alignment process. A four-quadrant 
photodiode (QP5-6 TO, First Sensor) with a low capacitance 
and small dark current was used to detect the vertical and hori-
zontal deflections of the cantilever.

2.2.  Mechanical design and Z-collar

The scan head is the major component of the PHS-AFM. 
Distinctly, the scan head has two main parts: the optics mount 
and the Z-collar. The proposed optics mount ensures that 
the detection (635 nm) and the excitation (405 nm) lasers are 

Figure 1.  A schematic of the photo-thermal, high-speed atomic microscope (PHS-AFM) scan head with the associated components. PSPD: 
position-sensitive photodiode, SPM: scanning probe microsocpe.
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brought to the same optical path for ease of alignment at the 
back of the cantilever and also allows the accurate detection 
of cantilever vibrations using the optical beam bounce detec-
tion (OBD) technique [29, 30]. On the other hand, the Z-collar 
contains the high-bandwidth Z-scanner with the cantilever 
mount. The mechanical parts used to mount various optics 
in the PHS-AFM scan head were primarily designed and 
fabricated from stainless steel owing to its low-temperature 
expansion coefficient. The kinematic mounts provide a sim-
ple means for centering the excitation laser at the base of the 
cantilever and the detection laser close to the free end of the 
cantilever. Figure 2(a) shows the assembled 3D CAD model.

One of the merits of our PHS-AFM lies in the simplis-
tic design principle of our Z-scanner. Directly mounting 
the Z-collar onto the microscope objective lens allows the 
Z-scanner to be very minimal in design and prevents much 
unnecessary mass loading to the Z-scanner. It also enables the 
physical separation of the XY- and the Z-scanners. This has 
the benefit of maximizing the bandwidth of the Z-scanner and 
practically eliminating the cross-coupling of motions between 
the XY- and Z-axes. The assembled 3D model of the Z-collar 
mounted to the microscope objective lens, showing the vari-
ous components, is shown in figure  2(b). A piezo mount is 
secured onto the Z-collar by using a couple of screws with 
a piezo chip firmly glued to it. The cantilever mount is then 
glued to the piezo chip. This overall design allows a cantilever 

to be firmly held. The cantilever is sandwiched between the 
recess on the cantilever mount and a shim clipper spot-welded 
to the mount. The illumination of the sample and the cantile-
ver was achieved by a light-emitting diode (LED) mounted in 
a slot on the Z-collar.

2.3.  Z-scanner

We adopted a simple design of attaching the Z-scanner onto 
the Z-collar, which is then directly mounted on a microscope 
objective lens. The Z-scanner is driven by piezoelectric chip 
(PA4FKW, Thorlabs) of size (5.0 mm × 5.0 mm × 3.0 mm). 

Figure 2.  (a) 3D CAD model showing the various parts of the PHS-AFM scan head, (b) 3D CAD model of the Z-collar mounted on 
Olympus microscope objective lens (LUCPlanFLN 20X).

Figure 3.  (a) The 3D CAD model of the Z-scanner with the cantilever mounted in place, (b) simulated and measured frequency response 
analyses of the Z-scanner with the first peak corresponding to mode I occurring at 49.51 kHz and 48.33 kHz, respectively.

Figure 4.  The first resonance curve (332 kHz) of a photo-thermally 
excited tapping mode cantilever (RTESPA7, Veeco. Inc).
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Figure 3(a) shows the 3D CAD model of the Z-scanner with 
the cantilever mounted in place.

In order to determine the characteristics of the Z-scanner 
we first used finite element analysis (FEA) to numerically 
determine the vibrational modes and associated frequencies. 
The Young’s modulus, Poisson ratio, density, and the cou-
pling coefficients of the piezo chip required for simulation 

were obtained from the manufacturer. The first four (4) vibra-
tion modes of the Z-scanner obtained by finite element analy-
sis were 47.98 kHz, 48.61 kHz, 67.34 kHz and 96.96 kHz, 
respectively.

The AC response of the Z-scanner was also approximated 
using FEA, as shown in figure 3(b). From the simulated fre-
quency response graph, there are multiple peaks that seem to 

Figure 5.  Images of Blu-ray data tracks obtained in air using our home-built PHS-AFM scan head in tapping mode. A scan size of  
1 μm × 1 μm was used at a resolution of 128 pixels × 128 pixels for different imaging speeds. (a) 5 Hz, (b) 10 Hz, (c) 20 Hz, (d) 30 Hz, 
(e) 40 Hz and (f) 50 Hz. The scale bar is 250 nm.

Figure 6.  AM-AFM contact mode images of a Blu-ray disc obtained by using the developed PHS-AFM in air at different scan speeds (10, 
20, 40, 60, 80, 100 lines/s respectively). The images were obtained using a NP-S cantilever from Bruker AFM Probes. Scan size of 0.8 μm 
× 0.8 μm. Pixel size: 128 × 128.

Meas. Sci. Technol. 31 (2020) 047003
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be closely related to the vibrational modes of the Z-scanner. 
The first peak that corresponds to mode I (47.98 kHz) in the 
modal analysis was slightly higher and occurred at 49.51 kHz. 
The actual characteristics of the Z-scanner were measured 
using a home-built experimental set-up involving fiber optic 
interferometry. The piezo actuator was excited with a sine 
wave of amplitude 200 mV at frequencies between 1 and 
500 kHz using our custom-written LabVIEW FPGA program. 
The first peak, corresponding to mode I in the modal analysis, 
was slightly lower than the simulated value (49.51 kHz) and 
occurred at 48.33 kHz. The maximum scan range measured 
using the same set-up was 2.2 μm.

2.4.  Imaging

The scanning performance of the developed PHS-AFM was 
evaluated in tapping and contact modes using a commercial 
high-speed scanning probe microscope (SPM) controller. 
Imaging a Blu-ray disk having a pitch of about 320 nm was 
conducted in air with the XY- and Z-scanners operated in an 
open-loop control configuration.

Before imaging in tapping mode, one of the prerequi-
sites is to measure the frequency response of the cantilever 
to obtain the operating frequency and amplitude. Therefore 
we obtained the cantilevers (RTESPA7, Veeco. Inc) response 
by photo-thermally exciting the 405 nm laser and the canti-
lever vibration response measured by using the optical beam 
bounce technique. Both the amplitude and phase versus the 
frequency curves of the flexural mode of the cantilever are 
shown in figure 4. The results show that the blue laser is capa-
ble of exciting the tapping mode cantilever without stirring 
unnecessary resonances, and therefore it can be used effec-
tively for frequency modulation AFM.

We then performed high-resolution imaging by using 
the tapping mode cantilevers (RTESPA7, Veeco. Inc) with a 
spring constant of between 20–80 N m−1. A scan size of 1 μm 
× 1 μm was used at a resolution of 128 × 128 pixels. Figure 5 
shows the raw topographic images of a Blu-ray disk obtained 
with the developed PHS-AFM in amplitude modulation (AM) 
mode. With the current set-up, we are able to obtain images at 
about 50 Hz before the appearance of a significant degradation 
in the quality of the images. Nonetheless, the unfilled track 
pits are still clearly distinguishable at 50 Hz, confirming that 
the developed scan head is capable of high-speed imaging.

Similarly, contact mode imaging was performed with tri-
angular cantilevers (NP-S, Bruker). The scan size of 0.8 μm 
× 0.8 μm at the resolution of 128 × 128 pixels was used. The 
sequence of consecutive images of the topography acquired 
at different scanning speeds are shown in figure 6. From the 
images, there is no discernible deterioration even at 100 Hz 
(about 1 frame per second). The track pits on the Blu-ray disk 
surface can be accurately followed by our Z-scanner.

3.  Conclusions

We have presented a comprehensive description of the design 
and development of a PHS-AFM scan head with a means 

of photo-thermally exciting a cantilever. The elegant design 
of our Z-scanner provides a relatively large stroke (2.2 μm) 
with a large bandwidth suitable for many high-speed imag-
ing applications. The efficacy of our developed scan head was 
evaluated by imaging a piece of a Blu-ray disk in both con-
tact and tapping modes. We have been able to perform high-
speed AFM imaging up to 100 Hz in contact mode. Also, the 
effectiveness of remotely exciting the cantilever by using the 
photo-thermal effect was demonstrated by imaging in tapping 
mode. We believe that imaging speed in our current set-up is 
limited by the bandwidth of the commercial controller in the 
loop. We are in the process of developing our own high-speed 
controller to improve the scanning speed in the future.
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