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We present an atomic force microscope (AFM) head for optical beam deflection on small cantilevers.
Our AFM head is designed to be small in size, easily integrated into a commercial AFM system, and
has a modular architecture facilitating exchange of the optical and electronic assemblies. We present
two different designs for both the optical beam deflection and the electronic readout systems, and
evaluate their performance. Using small cantilevers with our AFM head on an otherwise unmodified
commercial AFM system, we are able to take tapping mode images approximately 5–10 times faster
compared to the same AFM system using large cantilevers. By using additional scanner turnaround
resonance compensation and a controller designed for high-speed AFM imaging, we show tapping
mode imaging of lipid bilayers at line scan rates of 100–500 Hz for scan areas of several micrometers
in size. © 2014 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4895460]

I. INTRODUCTION

Since its introduction, atomic force microscopy (AFM)
has developed into a ubiquitous tool for imaging and manipu-
lating objects at the nanometer scale. In AFM, the mechanical
characteristics of the cantilever probe strongly determines
the overall performance of the microscope. From the first
optically-detected cantilevers, handmade from wire with
dimensions of order 1 mm,1 to the latest small cantilevers
approaching size limits of optical detection techniques,2–5

performance gains have been strongly coupled with size re-
ductions of the cantilever. Reducing the cantilever dimensions
reduces the mass and increases the resonance frequency while
maintaining the spring constant at reasonable values. Small
cantilevers enabled imaging at high speed,4, 6–8 even on diffi-
cult biological samples,9–11 and increased force spectroscopy
resolution12 and pulling rates.3, 13 In spite of their obvious
benefits, AFM systems making use of small cantilevers have
only recently become commercially available.

Beyond the cantilever probe, the imaging speed of AFM
is limited by the mechanical and electrical bandwidths of the
scanner and feedback components. Coupled with small can-
tilevers, developments in scanner design and improved con-
trol algorithms greatly increased AFM imaging speed. These
high-speed scanners include counterbalanced scanners,6, 14

microresonator scan stages,15 flexure-based scanners,8, 16, 17

shear piezo scanners,18 and MEMS-based scanners.19 High-
speed AFM control strategies include cross-coupling cancel-
lation in piezotube scanners,20, 21 optimized fast amplitude
detection and feedback electronics for high bandwidth,6, 18

dynamic PID,22 and model-based H∞ control methods.23, 24

Although the combination of high bandwidth cantilevers,
scanners, and feedback is necessary in combination to image
as quickly as possible, using small cantilevers nevertheless
provides significant benefits to many otherwise unmodified
or minimally modified AFM systems. Figure 1 illustrates the
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major mechanical and electrical components, and their mea-
sured bandwidths, for a common AFM system (MultiMode
AFM with Nanoscope V controller, Bruker Nano Surfaces,
Santa Barbara, CA). For tapping-mode imaging in air (the
most common AFM imaging mode) the slowest component in
the system is the cantilever, which has an imaging bandwidth
B � π f0/Q, where f0 is the resonance frequency of the can-
tilever and Q the quality factor.25 For a large tapping-mode-
in-air cantilever with f0 � 300 kHz and Q � 500 (OTESPA,
Bruker AFM Probes, Camarillo, CA) we measure B to be
of order 1 kHz. In contrast, the scanner (Model J, Bruker
Nano Surfaces) has a measured z resonance at approximately
10 kHz, the controller has a maximum PID bandwidth of
approximately 80 kHz, and the detection electronics (Multi-
Mode Low Noise Head, Bruker Nano Surfaces) have a usable
bandwidth of approximately 2 MHz.

In this report, we present a design for a compact,
modular, and user-friendly small cantilever optical head for
scanning-sample AFMs. Our head is designed to easily in-
tegrate into a MultiMode AFM system with minimal exter-
nal instrumentation requirements and minimal change in user
experience.26 We describe the optical and mechanical archi-
tecture of the head and show the performance of our optical
beam deflection architecture. We demonstrate the ability to
image a challenging sample at speeds much greater than those
of the unmodified AFM by replacing only the AFM head and
cantilever used for imaging. By adding additional compensa-
tion strategy for the scanner dynamics and a high-speed AFM
controller, we demonstrate imaging of a supported lipid bi-
layer in fluid at line scan rates up to 500 Hz for scan sizes of
2.7 μm.

II. SMALL CANTILEVER HEAD DESIGN

A. Optical design

The �10 μm or smaller width of small cantilevers re-
quires a small focal spot size. The width of a beam waist, w0,
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Figure 3(d) shows a section view of the cantilever holder.
The cantilever holder body is made out of aluminum. A glass
plate, cut from a piece of glass with anti-reflection coat-
ing (48-927, Edmund Optics), sits in a pocket cut at 11◦

to the sample normal, and provides a surface for mounting
the cantilever. The cantilever is mounted onto the glass plate
with Petro Wax (DJB Instruments, Mildenhall, UK). Wax
mounting provides both good mechanical coupling and sim-
plified the mechanical design of the canitlever holder. Tap-
ping excitation is provided by a 2×2×2 mm stack piezo
(PL022.30, Physik Instrumente, Karlsruhe, Germany) bonded
into a pocket between the glass plate and the cantilever holder
body. The assembly is sealed against fluids with epoxy. Elec-
trical connections to the tapping piezo drive are made through
the cantilever holder body onto a connection PCB, which then
connects to the head housing with spring mounted connec-
tors (811-SS-006-30-08101, Preci-Dip, Delémont, Switzer-
land). The higher capacitance of the stack piezo compared
with the piezo in the MultiMode head is a difficult load for
the tapping drive amplifier in the Nanoscope V controller. We
therefore have implemented an external high-current buffer
(LT1210, Linear Technology, Milpitas, CA) to drive the tap-
ping excitation piezo if the standard drive is insufficient.
Figure 3(e) shows the improvement in drive amplitude of the
tapping excitation piezo. The external amplifier provides a
flatter response and extends the −3 dB point of the drive am-
plitude from 55 kHz to 370 kHz. Exciting a small cantilever
(FastScan A, Bruker AFM probes) with the external buffer
yields a 4.6-fold increase in the peak oscillation amplitude
over the standard nanoscope drive (Figure 3(f)).

III. SIGNAL READOUT

The two major functions of the signal readout electronics
are providing reverse biasing of the quadrant photodiode and
current to voltage conversion of the quadrant photodiode sig-
nals. We have implemented two different signal readout archi-
tectures accomplishing these functions. In the first case, with
maximum compatibility with the existing AFM system, and
in the second, with high readout bandwidth. In both cases, we
reverse bias the quadrant photodiode with a precision voltage
reference.

In the high-compatibility readout architecture, we use a
transimpedance amplifier to perform the current to voltage
conversion of the quadrant photodiode signals. The band-
width of our readout system is set at 2 MHz in order to main-
tain highest compatibility with the existing MultiMode sys-
tem. Our high-bandwidth readout architecture uses a novel
translinear photodiode readout circuit which is capable of
high bandwidth and low noise performance.29 The high band-
width of this readout approach was tested using a small can-
tilever (BL-AC10DS-A2, Olympus, Japan) with dimensions
2 × 9 μm and fundamental resonance frequency �1.5 MHz.
The power spectrum of the cantilever thermal deflections was
captured on an oscilloscope and calibrated by comparison of
the first thermal peak captured on the oscilloscope with the
same calibrated thermal peak measured with the MultiMode
AFM system. Figure 4(a) shows the thermal peak of the first
and second resonances of this cantilever, at 1.4 and 8.8 MHz,

0.1 1 10
-12

-9

-6

-3

0

A
m

pl
itu

de
(d

B
)

Frequency (kHz)

OTESPA FastScan A

(b)

(a)

0 2 4 6 8 10 12 14 16
0

200

400

600

800

1000

1200

D
ef

le
ct

io
n 

no
is

e
de

ns
ity

 (
fm

/√
H

z)

Frequency (MHz)

0

1

2

3
D

eflection noise
density (m

V
/√ H

z)

Vertical signal

Horizontal signal

FIG. 4. (a) Thermal tune of a 2×9 μm small cantilever (Olympus BL-
AC10DS-A2). The vertical readout signal (left axis) shows the first and sec-
ond resonance peaks at 1.4 MHz and 8.8 MHz, respectively. The horizon-
tal readout signal (right axis) shows the torsional resonance peak at 13.3
MHz. (b) Mechanical bandwidth measurement of large (OTESPA) and small
(FastScan A) cantilevers in tapping mode.

respectively, as well as the torsional mode at �13 MHz on
the horizontal readout signal for this cantilever. We see negli-
gible levels of cross-talk between the two channels. Although
our system is not optimized for low noise performance, we
have measured baseline noise levels of our readout below
100 fm/

√
Hz. While this level does not reach the excellent

noise performance of OBD systems optimized for low noise
performance,29–32 it is comparable to the noise levels we have
measured for our commercial standard and small cantilever
AFM systems (MultiMode and Dimension FastScan, Bruker
Nano Surfaces).

Small cantilevers typically have a much higher resonance
frequency compared to the large cantilevers that must be used
in a standard AFM head, with a similar Q factor. This combi-
nation results in a much higher imaging bandwidth for small
cantilevers. As an example, we measured the imaging band-
width of a traditional large cantilever (OTESPA) and a small
cantilever (FastScan A) using our AFM head. We measured
the cantilever imaging bandwidth by sinusoidally modulat-
ing the sample height at variable frequency while measuring
the cantilever oscillation amplitude, similar to methods de-
scribed by Sulcheck et al.34 and Kokavecz et al.33 We glued
a freshly-cleaved mica surface directly onto a piezo stack
actuator (PL022.30, Physik Instrumente) driven by a high-
speed piezo amplifier (Techproject, Vienna, Austria) for z-
modulation. The cantilever amplitude was measured using
a high-speed AFM controller (Anfatec, Oelsnitz, Germany).
The modulation signal was generated with a lock-in ampli-
fier (eLockIn204/2, Anfatec) and the cantilever amplitude
recorded to the same unit. Sample height feedback was used
with low gains only to prevent the cantilever from drifting
away from the surface. The frequency at which the cantilever
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requirements for use are an external laser diode driver, and
optionally, a signal access module. For the user, our design
has approximately the same type and number of adjustments
to be made for cantilever alignment as a standard AFM head
and hence provides no greater difficulty in operation. Finally,
we show that our AFM head, coupled with additional scan-
ner resonance compensation and a high-speed controller, can
image biological samples at very high scan rates.
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