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Abstract

The article presents measurements with an atomic force microscope (AFM) with an adjustable probe direction integrated into a nano
measuring machine (NMM-1). The AFM, consisting of a commercial piezoresistive cantilever operated in closed-loop intermitted
contact-mode, is based on two rotational axes, which enable the adjustment of the probe direction to cover a complete hemisphere.
The axes greatly enlarge the metrology frame of the measuring system by materials with a comparatively high coefficient of thermal
expansion. Therefore, the long-term measurement precision of the setup and its sensitivity to thermal variations is investigated
within a thermostating housing with a long-term temperature stability of 17 mK. On the other hand, the thermostating housing
necessitates long signal paths, as the signal processing units are located outside of it. Therefore, the short-term measurement
precision is determined by repeated calibrations of the AFM against the traceable z-interferometer of the NMM-1 and the z-noise is
determined by standstill measurements. Furthermore, the tilting-capacity of the AFM is applied for repeated measurements of a
calibration grating with a nominal step height of (21.4 +1.5) nm. It is measured while placed within the xy-plane of the NMM-1 and
while tilted to this plane with the probe direction adjusted accordingly. The determined mean step heights for both positions of the
grating with 21.42 nm and 21.18 nm and standard deviations in the double-digit pm-range agree well with the nominal step height.
Furthermore, the noise-level and the short-term measurement precision are in the low single-digit nm-range. Nevertheless, the

empirically determined thermal sensitivity of the sensor is about 1.3 nm/mK.

Atomic force microscopy, tilting-AFM, piezoresistive cantilever, nano measuring machine.

1. Introduction

Due to its high structural resolution, the AFM [1] was not only
a prime instrument to obtain qualitative information down to
the atomic-scale, but it is now also a widely used and traceable
tool in nanometrology [2]. In particular the semiconductor
industry’s need to determine the roughness of sidewalls led to a
still ongoing development of different approaches to measure
(near) vertical or even undercut surface features [3]. Boot-
shaped cantilever tips [4] measure critical dimensions (CD) like
feature width, edge profile or line edge roughness. To improve
the anisotropic stiffness of conventional CD-AFMs, a cantilever
with flexure hinge structures has been shown [5]. While
sidewalls are well resolved by CD-AFMs, the shape of the tip
leads to a poor resolution of flat parts of a feature. Furthermore,
tip characterization and the subsequent correction of the
dilation caused by the finite tip size is quite laboriously, because
measurements are conducted at the whole circumference of the
tip [6]. Both holds true for assembled cantilevers consisting of
two cantilevers glued together perpendicularly [7] or for a
cantilever with an attached probing sphere [8].

A different approach to measure vertical or near vertical
surface features is to introduce an inclination between the
measuring object and the cantilever. This might be done by
tilting the sample [9, 10], or by tilting the cantilever [11, 12, 13]
in one direction. In [14] an AFM based on two rotational
axes [15] to adjust the probe direction to cover a complete
hemisphere has been demonstrated. While conventional AFMs
are usually constructed in a very compact manner and with
materials with a small thermal expansion coefficient, the two

aforementioned axes greatly enlarge the metrology frame by
materials with a comparatively high expansion coefficient. The
AFM is therefore operated within a thermostating housing with
a long-term temperature stability of 17 mK [16]. On the other
hand, this thermostating housing necessitates long signal paths,
as the signal processing units are located outside of it. This might
make the system prone to noise. Therefore, in this paper the
short-term measurement precision of the AFM is investigated in
chapter 3 and its long-term measurement precision and thermal
sensitivity are investigated in chapter 4. In chapter 5, repeated
closed-loop scans on a calibration grating placed within the xy-
plane of the NMM-1 and placed tilted to this plane with the
probe direction adjusted accordingly are presented. The
following chapter starts with the introduction of the setup,
namely the mechanical design and the signal processing.

2. Setup

The flexibility to adjust the probe direction of the AFM is
achieved by the utilization of a commercial SCL-Sensortech
Piezo-Resistive Sensing (PRS) cantilever with a length of 110 um,
a width of 48 um and a silicon tip with a nominal radius of
<15 nm. Compared to the commonly used optical beam
deflection method to measure the deflection of the cantilever,
self-sensing methods, like the piezoresistive deflection
measurement [17], are very compact, but still offer a high signal-
to-noise ratio that is comparable to the signal-to-noise ratio of
the optical beam deflection method [18]. In order to reduce
contact forces and therefore to minimize elastic or plastic
sample deformation, the cantilever is operated in intermitted
contact-mode [19].
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2.1. Mechanical design

The whole setup, shown schematically in figure 1, consists of
the first axis (1), an Aerotech ANT95R-180 with a positioning
range of 180° and the second axis (2), a SmarAct SR-2812 with a
positioning range of 360° mounted under an angle of 45° to the
first axis by an angle piece. A sensor holder (3) connects the
second axis with the socket of a piezoresistive cantilever (10).
The piezoelectric drive (9) stimulates the cantilever over the
flexure hinge to operate the AFM in intermitted contact-mode.
The whole setup is installed into a NMM-1 with a motion range
of 25 x 25 x 5 mm?3 and a resolution of less than 0.1 nm [20, 21].
The NMM-1 fulfils the Abbe comparator principle in all three
coordinate axes by keeping the measuring system, consisting of
three perpendicular interferometers (two of them are shown,
namely 5 and 8) fed by stabilized He-Ne lasers, fixed and moving
the measuring object (11). The measuring object is placed on a
corner mirror (7) which defines the coordinate system of the
NMM-1. The location of the tip of the cantilever at the
intersection point of the three interferometers, the so-called
Abbe point, would ensure the highest accuracy. Nevertheless, it
limits the adjustment range of the probe direction to about half
of a hemisphere, as the positioning range of the first axis is
limited to about 90° to avoid a collision with the corner mirror.
In order to sustain the full positioning range, the sensor is
located 5 mm above the Abbe point. Therefore, a spacer (12) is
used for flat measuring objects and invar spacers (4) enlarge the
Zerodur® frame (6) of the NMM-1 to integrate the sensor
system. However, the additional angle sensors and the angle
control of the corner mirror about the x- and y-axis reduce the
angular deviations during movement and thus any first-order
deviations that arise.

The whole setup is placed within a thermostating housing and
the set temperature is 20.00 °C, unless stated differently.

Figure 1. Simplified schematic of the setup: 1 first axis; 2 second axis;
3 sensor holder; 4 invar spacer; 5 y-interferometer; 6 Zerodur® frame;
7 corner mirror; 8 z-interferometer; 9 piezoelectric drive;
10 piezoresistive cantilever; 11 measuring object; 12 spacer.

2.2. Signal processing

The probe sensor signal evaluation is conducted with a Zurich
Instruments HF2LI lock-in amplifier. A sinus signal Vges is
impedance converted by a current feedback amplifier (LT1206
of Analog Devices) and stimulates the piezoelectric drive near
the cantilever’s resonance frequency. The signal of the
piezoresistive cantilever is amplified by a commercial pre-
amplifier of SCL-Sensortech. The amplified signal Vamm is
transduced to the lock-in amplifier, which calculates the phase-
independent amplitude of the oscillation Rarm. Rarm is the
measuring signal passed to the analog-to-digital converter of the
NMM-1 with a band-limitation of 3 kHz to control the x-, y- and
z-axis according to the probe direction specified in the
measuring command. Therefore, measurements are conducted
in amplitude controlled closed-loop intermitted contact-mode.

3. Short-term precision

Instead of using standards to calibrate the AFM, it was possible
to use the lasers of the NMM-1. By repeating the calibration
routine for several times, the short-term precision of the sensor
was derived. Firstly, the second axis was in its zero position and
the probe direction was against the direction of the z-axis of the
NMM-1. Therefore, the calibration was done against the
traceable z-interferometer. For the calibration the sample was
moved towards the cantilever until full contact with a measuring
velocity of 100 nm/s. The amplitude of the oscillation of the
cantilever Raem and the value of the z-interferometer zymm were
recorded with a point distance of 0.1 nm. The calibration was
conducted 50 times within a period of time of about 2.5 minutes.
For each calibration the characteristic curve darm(Rarm), Where
darv is the deflection of the cantilever, was fitted as cubic
polynomial within the intermitted contact-range. The range of
the characteristic curves was therefore slightly less than the free
oscillation amplitude of the cantilever.

In figure 2 the deviation Az = darm(Rarm)- Znmm is shown, where
darm(Rarv) is calculated by the first characteristic curve. Depicted
in red are the residues of the characteristic curve, for which
there is no systematic deviation perceptible. The deviations to
the other 49 calibrations are shown in green.
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Figure 2. Deviations of the deflection of the cantilever to the z-values of
the NMM-1 for 50 calibrations. Residues are shown in red.

To determine the short-term precision of the sensor, every
characteristic curve is applied to the measuring points of every
calibration and Az is calculated. In figure 3, Az is shown as
histogram with its standard deviation ga;, which is 3.8 nm. The
deviations are mainly caused by variations of the offset of the
characteristic curves (standard deviation 2.7 nm).
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Figure 3. Az as histogram with its standard deviation 0., which is 3.8 nm.



After the calibration, the controller of the NMM-1 was enabled
to keep darm in the middle of the characteristic curve and data
were recorded for three times 90 s with the maximum sampling
frequency of the NMM-1 (6.25 kHz). The results are shown in
figure 4. The three standard deviations of zymm are 1.8 nm (red),
0.8 nm (green) and 1.3 nm (blue). The three standard deviations
of daem are 0.2 nm.
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Figure 4. Three standstill measurements in closed-loop mode over 90 s.

4. Thermal sensitivity and long-term precision

To determine the thermal sensitivity and the long-term
precision of the sensor, standstill measurements were
conducted for 15 s every 10 minutes. The measured z-value zy
was calculated according to equation 1. For each measurement
the offset was calculated as mean of zu. Between the
measurements the cantilever was withdrawn from the surface
to avoid tip or sample damage. As tip wear occurs mainly at the
beginning of a cantilever’s lifetime anyway [22], this issue might
be reasonably regarded as neglectable. Prior to the
measurements the thermostating housing has stabilized to a
temperature of 20.20 °C. Then, the set temperature was
changed to 20.00 °C and the measurements have been started.
The results are shown in figure 5. As can be seen, it takes about
8 hours until the offset has stabilized. Within this time the offset
changes for about 260 nm, leading to a thermal sensitivity of
1.3 nm/mK. After stabilization, within the last 18 hours (shown
in figure 5 below), the standard deviation of the offset is 6.7 nm.
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Figure 5. Variation of the offset after the set temperature was changed
from 20.20 °C to 20.00 °C.

5. Scans on a calibration grating

Closed-loop scans were conducted on a calibration grating
(TGZ1 of NT-MDT) with a nominal step height of (21.4 +1.5) nm.
Measured values within the (negated) coordinate system of the
NMM-1 were firstly calculated according to equation 2, where p
is the probe direction. As can be seen, equation 2 is a
generalization of equation 1. Afterwards, the measured values
were transformed into the workpiece coordinate system (WCS).

Because of the low-pass filtering associated with the
calculation of damm, as well as different analog-to-digital
converters used for the probe signal and for the interferometers
of the NMM-1, a latency between the signals of the
interferometers and the probe signal is inevitable. In order to
avoid effects caused by this latency, the scan velocity was
chosen to be only 5 um/s and the point distance was 1 nm. The
scan length was 90 um and the step height was determined
according to ISO 5436-1 [23].
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5.1. Grating placed within the xy-plane of the NMM-1

Firstly, the grating was placed within the xy-plane of the
NMM-1 and g =[001]T. For 30 scans the mean of the
determined step heights is 21.42 nm, which agrees very well
with the nominal value, and the associated standard deviation is
45 pm. The high reproducibility of the scans is also shown in
figure 6, where the 30 scans of the complete scan length (above)
and of an irregularity on one step (below) are depicted.

Figure 6. 30 scans of the complete scan length (above) and of an
irregularity on one step (below) on the calibration grating.

5.2. Grating tilted to the xy-plane of the NMM-1

By rotating the second axis it is possible to adjust the angle
between the probe direction and the xy-plane of the NMM-1,
which is favourable if the surface normal of the measuring object
is not parallel to the z-axis of the NMM-1. To demonstrate this,
the calibration grating was placed on the NMM-1 under an angle
of about 19° and the second axis was rotated accordingly (p =
[-0.230 0.230 0.946]T), as is depicted in figure 7. Again, 30
scans were conducted. The mean of the determined step heights
is 21.18 nm, which still agrees with the nominal value, and the
associated standard deviation is 60 pm. In figure 8, the 30 scans
of the complete scan length (above) and of an irregularity on one
step (below) are depicted.

The slightly increased noise on the data points of the tilted
grating is explainable by higher vibrations in x- and y-direction
than in z-direction of the NMM-1. While these vibrations are
completely within xwcs and therefore not affecting the



calculated step heights for the not tilted grating, components of
these vibrations are within zwcs for the tilted grating and
therefore affecting the calculated step heights.

Figure 7. Calibration grating tilted to the xy-plane of the NMM-1 and the
probe direction adjusted accordingly.
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Figure 8. 30 scans of the complete scan length (above) and of an
irregularity on one step (below) on the calibration grating tilted by 19°
to the xy-plane of the NMM-1.

6. Summary, conclusion and outlook

In this article, investigations on the measurement precision of
an AFM with an adjustable probe direction have been shown.
The short-term precision of repeated calibrations on the NMM-1
was determined to be 3.8 nm and standstill measurements
revealed standard deviations of 1.8 nm, 0.8 nm and 1.3 nm. In
the long-term, the sensor has shown a precision of 6.7 nm over
18 hours and a thermal sensitivity of about 1.2 nm/mK. As a use-
case of the sensor, scans on a calibration grating have been
conducted, with the grating placed within the xy-plane of the
NMM-1 and tilted to this plane with the probe direction adjusted
accordingly. For both positions of the grating, the measured step
height agreed well with the nominal value and the standard
deviation was in the double-digit pm-range.

As has been expected, due to the integration of the rotational
axes the thermal sensitivity of the sensor system is quite high.
Of course, also the interferometers respond to thermal
variations due to the temperature-dependent refractive index of
air. For a similar interferometer, but with a dead path length of
zero, a thermal sensitivity of -75 pm/mK has been reported [24].
Nevertheless, as the NMM-1 corrects the temperature-
dependent variation of the refractive index of air taking the dead
path length into account[25], the major portion of the
determined thermal sensitivity might reasonably be attributed
to the AFM and the two rotational axes. Due to the high thermal
sensitivity, also the short-term measurements over only 1.5 to
2.5 minutes are affected by thermal variations. Therefore, the

deviations of the repeated calibrations are mainly caused by a
variation of the offsets of the characteristic curves.
Nevertheless, for the standstill measurements it is possible to
deduce the noise level as standard deviation of darm, as the
controller compensates the mainly temperature-induced low-
frequency variations. Despite the long signal paths, the standard
deviation of darm is only 0.2 nm. As the long-term standard
deviation of the temperature is about 4 mK [16], the long-term
measurement precision of the sensor system with 6.7 nm is also
mainly attributable to its thermal sensitivity.

Since it is probably not possible to enhance the temperature
stability within the thermostating housing significantly, a
reduction of the thermal sensitivity of the sensor is mandatory
to enhance its measurement precision. Possible means might be
the application of smaller rotational axes or a different
arrangement of the axes. Placing the first axis above the
Zerodur® frame (cf. figure 1), reducing the length of the invar
spacers and connecting the first axis with the angle piece by
materials with a low or even negative expansion-coefficient
might result in compensating thermal expansions of the first axis
and the remaining part of the sensor system.
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