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Metrological Scanning Probe Microscopes —

Instruments for Dimensional Nanometrology

Hans-Ulrich Danzebrink, Frank Pohlenz, Gaoliang Dai, and Claudio Dal Savio

Abstract

An overview of PTB’s activities in the field of dimensional nanometrology using
scanning probe microscopes (SPMs) is presented. The chapter is divided into two
parts: the development of (1) high-resolution probing systems and (2) complete
SPM metrology systems. The subject of SPM-probing system design comprises,
among other things, the concept of the “sensor objective” to combine conven-
tional microscopy with scanning probe techniques. In the field of complete me-
trological SPM systems, the measuring properties of one of the existing SPM
metrology systems have been significantly improved by including laser inter-
ferometers directly into the position control loop and by a clear reduction of
the nonlinearity of the interference signals. In addition, the application spectrum
of metrological SPM has been considerably extended by the establishment of an
SPM system with a measuring volume of 25 mm X 25 mm X 5 mm.

1.1
Introduction

In many fields of material sciences, biology, and medicine, conventional scanning
probe microscopes (SPMs) serve to visualize small structures with dimensions
down to atoms and molecules as well as to characterize object-specific properties
(magnetism, friction, thermal conductivity, and the like). For a large part of the
investigations, the image information obtained with the SPM is completely suffi-
cient for the qualitative investigation of the sample. Because of their high spatial
resolution, use of these microscopes is also of great interest for metrological ap-
plications. This is why the PTB has begun using SPMs in dimensional metrology
as one of the first national metrology institutes [1, 2].

A fundamental requirement for precise length measurements is, however, the
addition of a length measuring system to the microscope scanning system. For
this purpose, the piezo actuators that serve for positioning and scanning of sam-

Nanoscale Calibration Standards and Methods: Dimensional and Related Measurements in the Micro- and Nanometer Range.
Edited by Gunter Wilkening, Ludger Koenders Copyright (© 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
ISBN: 3-527-40502-X
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ple or measuring head, are in many cases position-controlled via additional sen-
sors (strain gauges, capacitive or inductive sensors) by which disadvantages of
piezo elements, such as hysteresis or creeping, are compensated [3-10]. The
use of these additional sensor systems does not release the user from performing
regular calibrations. In the majority of cases, the SPM is calibrated with the aid
of special standards with microstructures of defined geometry. Detailed infor-
mation on such calibration standards can be found in another article of this edi-
tion [11]. The disadvantage of discrete calibration via standards is, however, that
linearization of the positioning measuring systems is based on a few reference
points only which are given by the material measure. This leads to higher calibra-
tion effort when objects of different height or structure periods are to be mea-
sured.

This is why users with high demands on the uncertainty of SPM measure-
ments have in the past few years proceeded to equip the individual axes of the
positioning system with laser interferometers. This allows the positioning values
to be continuously traced back to the wavelength of the laser light and thus to the
SI unit “meter”. The fundamental idea is to treat the SPM like a minijaturized
three-coordinate measuring machine and to correct its metrological properties
with the device’s control software.

As in the case of coordinate measuring machines, the SPM measuring systems
can be divided into probing system and positioning unit. The structure of the
present chapter reflects this aspect. The first part describes the PTB activities
in the development of high-resolution probing systems based on scanning
probe microscope techniques. The second part deals with precise positioning
units and with the complete SPM measuring and calibration devices that are
available at PTB.

1.2
High-Resolution Probing Systems

PTB’s development of probing systems based on SPMs is aimed at constructing
and optimizing these measuring heads for use in dimensional nanometrology.
Needless to say that the sensor systems described cannot only be used for metro-
logical applications, but are of general interest for scanning probe microscopy and
coordinate measuring techniques.

The scanning force microscopes (SFMs) are those of the family of SPMs that
are of special importance for dimensional metrology. This is mainly due to the
fact that their use is not limited to conductive surfaces as it is, for example, the
case for scanning tunnel microscopes. The design principle of an SFM is
shown in Figure 1.1. In this case, the deflection detection system of the cantilever
moving relative to the surface is based on an optical beam deflection principle,
thus keeping the cantilever with the integrated measuring tip in a constant dis-
tance to the surface. The sample is then investigated line by line, and the profiles
are subsequently composed in a computer to form an image.
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Fig. 1.1  Sketch of a scanning proding tip

force microscope (SFM) with
cantilever probe and beam
deflection detection.

In addition to the properties important from the viewpoint of metrology such as
stability, sensitivity, and noise behavior, different other aspects have been incorpo-
rated into PTB’s device development:

+ Combination of the SPM measuring heads with optical micro-
scopes: here, the optical function extends from visualization to
quantitative dimensional or analytical methods.

+ The use of different detection principles: the movement and
position of the measuring tip is measured by an external optical
procedure or via an intrinsic electrical measuring principle.

+ The use of different measuring tip materials: in recent develop-
ments, special diamond tips are used in addition to silicon and
silicon nitride tips.

1.2.1
Sensor Objective with Beam Deflection Detection

As the name already suggests, the concept of the so-called sensor objective
directly takes up the combination of microscope objective and sensor, the sensor
in this case working as a scanning probe microscope. The special feature of this
sensor head development is that existing optical standard microscopes are used as
a basis: because of the compact geometry and the special design, the sensor ob-
jective (composed of SPM module and imaging optics) can be directly screwed
into the turret of an optical microscope [12]. This allows two microscopy worlds
to be ideally combined.

In measuring operation, the advantages of the combined system become ob-
vious. Firstly, the well-proven conventional light microscopy is used for fast and
extensive surface investigation. The spectrum of tasks extends from the orienta-
tion on the measurement object to quantitative optical measurements (see Sec-
tion 1.2.4). Then local measurement is performed with the slower serial scanning
probe procedure in the measurement area defined for calibration or, generally, at
those points of the sample which require a high resolution.
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Figure 1.2 shows a version of the sensor objective screwed into a standard mi-
croscope. During measurement the sample is scanned with a piezo scanning
stage whose position is controlled with capacitive sensors. In this objective design,
the optical part of the measuring head consists of a combination of mirror optics.
These allow the cantilever with the integrated measuring tip to be viewed simul-
taneously with the sample surface. This clearly improves user-friendliness as far
as the adjustment and the selection of the measurement area are concerned.
When optionally operated as optical near-field microscope, the same optics can
be used for coupling and/or for collecting optical radiation into or from the
near-field probe [12]. This allows very local optical investigations and spectro-
scopic surface characterizations to be performed even on submicroscopic struc-
tures [13].

In topography mode (SFM mode), even single atomic terraces of a GaAs sub-
strate wafer (step height: approx. 0.28 nm) have been resolved with this measur-
ing setup despite the relatively large measuring circle (sample, microscope body,
granite stand, positioning stages — cf. Figure 1.2) [13]. These measurements were
performed in a dynamic SFM mode using conventional silicon cantilever probes.
Traditional beam deflection technique was applied to detect the bending of the
cantilever. All optoelectronic elements of the beam deflection system have been
arranged outside the measuring head, since a spatial integration was not intended
when this version of the measuring head was constructed. This arrangement can
be optimized, in particular, with respect to its mechanical stability. The further
objective of the PTB development went, however, beyond the integration of the
beam deflection system into the measuring head. This is why measuring heads
based on probes with monolithically integrated deflection detection have been
developed (see Sections 1.2.2 and 1.2.3).

— o -
S—SENSOT objective
!,- ; . -

Fig. 1.2 Conventional standard microscope with screwed-in sensor objective — the version
shown here allows the device to be operated as optical near-field microscope in addition to
scanning force and optical microscopy. The enlarged image section in addition shows a dia-
grammatic representation of the beam path inside the objective.
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1.2.2
Sensor Objective with Piezolever Module

One possibility of integrating the deflection detection system into the sensor
probe (i.e., as near as possible to the measuring tip) consists in utilizing the
piezoresistive effect of the cantilever material (here silicon) [14]. Comparable to
the strain gauge principle, the movement of the cantilever can thus be directly
converted into a measurable electrical signal. This means that an adjustment of
a light beam on the cantilever is not necessary. This improves user-friendliness
of the system and avoids possible errors as a result of inexact adjustment. Step-
height measurements have, for example, shown that scattered light or reflections
from the surface can lead to disturbing interference patterns or that the rough-
ness of the rear side of the cantilever affects the measurement when optical meth-
ods are used for deflection detection. These error sources are avoided by mono-
lithically integrated deflection sensors.

For realization of the piezoresistive cantilevers (briefly referred to as “piezole-
vers”), the piezoresistive elements were arranged in the form of a complete
Wheatstone bridge and incorporated into the silicon cantilevers by ion implanta-
tion. This work was performed in cooperation with NanoWorld Services GmbH,
Forschungszentrum Jiilich and Surface Imaging Systems (SIS) GmbH [15]. As a
special option, one of the Wheatstone resistors is realized as an electrically con-
trollable resistor that allows the measuring bridge to be nulled.

During the design of our very compact SFM measuring head, which is based on
these piezolevers, special attention was directed toward the requirement for
detachable contacts of the cantilever chips [16]. In the piezolever SFMs so far rea-
lized, the cantilever chips were glued on small ceramic boards and the contacts
were bonded. To avoid these complex additional process steps, the cantilever
chips should be directly clamped and, at the same time, electrically contacted.
To achieve this spring contacts were used that are made of gold-plated platinum
beryllium (see Figure 1.3(b)). These “fingers” are arranged on a steel spring that
is pressed-on or flapped-back with the aid of a very small cam to allow the probes
to be exchanged. The complete holder must be exactly preadjusted and work free
from mechanical play in order to contact the electrodes on the rear side of the
chip reproducibly with the fingers, to exert enough force on the chip and to
achieve good contacting. As can be seen in Figure 1.3(b), the contacts are only
50 um apart from each other. The latter emphasizes the desired mechanical pre-
cision of the contacting mechanism.

The dimensions of the whole SFM module that comprises both a piezo element
for the dynamic excitation of the cantilever and the electrical connections for the
sensor signals were reduced to 4 mm X 3.5 mm X 35 mm only (see Figure
1.3(c)). This compact design allows the combination with different measuring
heads and measuring microscope objectives. Topographic measurement results
obtained with this piezolever module are described and shown in Section 1.2.4
(Figure 1.6) together with interference-optical measurements.

7
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Fig. 1.3 Piezolever module
combined with a standard mi-
croscope objective. Part (b)
shows the finger contacts for
fastening and electrical con-
tacting.

A great advantage of the mirror optics used in the sensor objective version
described above (Section 1.2.1) was the fact that the dimensions and the optical
parameters could be calculated by optical computational programs and manufac-
tured with diamond turning machines. This finally allowed the whole sensor ob-
jective to be designed and constructed at our own options and the space required
for the SFM module and the positioning mechanics to be taken into account. As
described, the compact piezolever module does not require so much space. This is
why these aspects are no longer important and the combination with a commer-
cial microscope objective as shown in Figure 1.3(a) furnishes a solution that is
more universal. This combination — microscope objective and SPM module —
has been realized for all measuring head versions so far developed (cf. also Figure
1.4(a)).

1.2.3
Sensor Objective with Tuning Fork Module

Another possibility of integrating the deflection detection system into the measur-
ing probe consists in using a cantilever arm made of quartz [17]. In operation, this
quartz is — just like the tuning fork in a quartz clock — excited to swing after an
electrical voltage has been applied. The measurement of the distance between the
probe and the surface and thus imaging the surface is performed by recording the
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Fig. 1.4 “Tuning fork” module with positioning mechanics and adapter ring for the microscope
objective as well as a micrograph of the tuning fork lever arm with the diamond tip (b).

current flowing through the quartz. This signal is proportional to the lever arm
vibration and reacts very sensitive to changes of the damping when the distance
between the tip and the surface varies.

Diamond tips designed at PTB are fastened on these tuning forks to allow high
lateral resolution of the measurement (tip radii < 100 nm) [18]. Figure 1.4(b)
shows a quartz probe with tip. The selection of diamond as tip material is
based on both the mechanical properties (stability and resistance to abrasion)
and the optical properties that are important for the future use of the probes in
optical near-field microscopy.

To test the efficiency of the tuning fork measuring head, topographic measure-
ments were performed on structures with dimensions in the nanometer range.
The samples used here are made of self-organized InAs quantum dots on a
GaAs substrate. These quantum dots have pyramidal geometries (width approx.
20-30 nm, height approx. 4—6 nm). The mechanical stability of the whole micro-
scope is sufficiently high to image such nanostructures. Investigations of the
noise resulted in values of less than 0.6 nm (root mean square value) on a profile
2 um in length.

Because of their extremely slim construction and their adjustment-free deflec-
tion detection, the tuning fork sensors can be tilted relative to the surface without
any problem. This also allows measurements to be performed on object areas
difficult to access such as structure edges or inclined areas. These properties
allow these as well as the piezolever sensors to be used as sensitive probes in a
coordinate measuring machine. Relevant developments have already been
initiated at PTB.

1.2.4
Sensor Head for Combined Scanning Probe and Interference Microscopy

Up to now, imaging optics in SFMs only served as visualization tools to determine
the area of interest for the measurement and to aid during probe alignment. In
the sensor head realization described in this chapter, the functionality has been

9
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considerably progressed. The combination of SFM and interference microscope
allows an optical measuring technique to be integrated into the measuring
head that can be traced back to the SI unit “meter” [19, 20].

This measuring system is based on the developments of the compact SFM mea-
suring heads so far described and has been conceived so that it can be operated in
different interference microscopes. For the PTB measuring setup, a commercial
interference microscope (MicroMap, Nikon) was selected as the basic instrument.
Because of the identical mechanical connecting plate, the newly developed sensor
only replaces the exchangeable interference objective (see Figure 1.5). The basic
instrument makes use of both the evaluation software and the displacement
mechanics for phase-shifting interferometry or white light interferometry.

For the realization of the sensor head, two possibilities came into consideration:
(1) modification of a commercial interference objective by adding an SFM module
with the aid of an adapter (cf. Sections 1.2.2 and 1.2.3) or (2) new internal devel-
opment of the whole interferential sensor head with additional SFM module. A
solution according to (1) can directly be achieved by adapting the adapter ring
mentioned in Section 1.2.2 and shown in Figure 1.3(a). In view of the planned
improvement of the optical properties of the objective, which will be explained

sensor head

Fig. 1.5 View of the com-
bined SFM and interference
microscope composed of
sensor head and commercial
basic instrument.
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in the following, preference has, however, been given to the internal development
of the measuring head.

Core piece of the newly developed sensor head is a Michelson interferometer in
which the illumination is not performed via the internal, filtered microscope
white light lamp, but via external laser sources coupled to optical fibers. This
way, an essential heat source is removed from the measuring setup and the
mechanical stability is improved. Even more important is the fact that due to
the small illumination aperture of the optical fiber aperture correction becomes
negligible in the interference-microscopic evaluation. This clearly reduces the
measurement uncertainty.

At present, a HeNe laser (A = 632.80 nm) or a frequency-doubled Nd-YAG laser
(A = 532.26 nm) can optionally be used as external laser sources in the measuring
setup. If desired, this allows operation in the multiwavelength interferometry
mode by which, compared to operation with only one wavelength, the range of
unambiguous measurements of the interference microscope is extended.

For combination with a scanning probe microscope, the compact SFM module
with piezolevers already described in Section 1.2.2 was mounted on the sensor
head below the beam splitting cube. The cantilever can be seen in the image sec-
tion of the optical microscope (both in the “live image” and in the interference-
microscopic image; see Figure 1.6: on the left above) so that measurement area
selection is very user-friendly. The interference-optical measurement (e.g., in
phase-shifting mode) is performed simultaneously over the whole image section;
in the current configuration, the optical measuring range amounts to approx.
900 um X 900 um. It can, however, also be varied by using different optical sys-
tems. In the case of a higher optical magnification it has, however, to be taken
into account that the depth of focus is reduced and the advantage of an optical
survey image is no longer valid. In a second step, the object area to be investigated
with a high lateral resolution is moved below the SFM measuring tip with the aid

\\‘ -— 4A0pum —

Fig. 1.6 Topography image of an 80-nm step-height standard (H80) (a) image recorded in the
interference-optical mode (range 900 um X 900 um) — the SFM cantilever can be seen in the
circle marked at the upper-left corner; (b) Section measured with the integrated SFM module
(range 40 um X 20 pum).

1
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of a manually operated linear x, y-stage. After the surface has been successfully
approached to the tip, the measurement object is moved line by line with a posi-
tion-controlled piezo scanning stage (maximum operating range: approx. 100 um
X 100 pm).

The extraordinary advantage of this combined measuring system consists in the
possibility of a direct z-calibration of the SFM. As soon as SFM and interference
microscope are measuring at the same place of the sample, the interference-
optical result can be used as calibration value for the SFM. Special step-height
standards are suited to be used as precise standards for heights from a few nan-
ometers up to some micrometers [11].

Comparison measurements performed at PTB with the newly established mea-
suring system and the reference interference-optical microscope showed for step-
height measurements on 80 nm and 260 nm calibration standard deviations of
less than 1 nm [20]. Figure 1.6 shows a comparison of the results of measure-
ments performed on an 80 nm standard in the interference-microscope mode
and in the SFM mode.

Another advantage of this combined device becomes obvious in the case of
heterogeneous objects. As soon as the optical constants of substrate and measure-
ment structure differ, the optical wave in the interference microscope experiences
different phase jumps on reflection. This leads to a measurement error as long as
the relevant optical constants are not taken into account in the interference-micro-
scopic evaluation. Determination of these constants for thin layers in the nan-
ometer range is, however, quite time-consuming and often imprecise, so this cor-
rection is only conditionally possible. This is different in the case of the device on
hand: Here, the measured value of the interference microscope is corrected by the
SFM module that had been calibrated before. It is worthwhile pointing out that
the SFM calibration was, as already described, performed with the same interfer-
ence microscope, although on a sample with homogeneous surface. This example
shows the complementary properties of the two independent measuring princi-
ples combined in one measuring instrument [20].

1.3
Metrology Systems Based on Scanning Probe Microscopes

In addition to other development activities in the field of SPM metrology, two
commercial SFMs have been extended by miniaturized homodyne laser interfe-
rometers and their data acquisition system has been improved in the past 2
years. The positioning system of a third device developed into a large range
SFM at PTB has already been equipped with laser interferometers by the manu-
facturer. These laser interferometers were developed in cooperation with the Tech-
nical University IImenau and SIOS Messtechnik GmbH. In the case of all de-
vices, special attention was already paid during the construction of the interfe-
rometer extension and the instrument design to the fact that principles as mini-
mization of Abbe errors and tilting were complied with. At PTB, the SFMs
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described serve for the calibration of standards and the general characterization of
microstructures. In the following, the SFMs equipped with laser interferometers
will be referred to as metrological SFMs.

1.3.1
Scanning Force Microscopes of Type Veritekt

Since 1995, two metrological SFMs with integrated laser interferometers have
been constructed on the basis of the commercial SFM Veritekt-3 of Carl Zeiss,
Jena. These devices allow measurement objects to be characterized in “contact”
SFM mode with a measuring range of 70 X 15 X 15 um’ (x, y, z). Compared
to other instruments, the advantage of these SFMs is that a precise flexure
hinge stage is used as the basis for the positioning system and that position-con-
trolled piezo actuators (with integrated capacitive sensors) are used for each axis
of motion. A skilful geometry of the flexure hinges allows factors such as cross-
talk of the axes and nonorthogonality of the directions of motion to be minimized.

The operating principle of the integrated laser interferometers and the proce-
dure of how they are used to calibrate the capacitive sensors in the piezo actuators
is described in detail in [21, 22]. Figure 1.7 shows the diagrammatic sketch of the
two Veritekt SFMs. Veritekt B that has been completed in 1996 and optimized in
the following years with respect to a minimization of the Abbe error, is used for
calibrations at PTB. The results of international and internal comparisons [23, 24]
have confirmed suitability of this SFM for calibration tasks.

On the basis of the experience gained with Veritekt B, another metrological
SFM, Veritekt C (see Figure 1.8), has been developed in the years until 2002.
Essential subassemblies of the commercial basic instrument were adopted and
supplemented by modern measuring and evaluation electronics. The arrange-

piezoactuator piezoactuator
y-axis X-axis
piezoactuator | y-interferometer
z-axis . |

| # x-interferometer

’ l ., focus sensor

cantilever

| ‘—sample
st z-interferometer
flexure hinge stage bl beam splitter
Fig. 1.7 Sketch of the metrological scanning force microscope Veritekt with integrated laser
interferometers (source: TK Ilmenau).
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Fig. 1.8 View of the SFM
Veritekt C.

ment of the laser interferometers was revised in such a way that it is now also
possible to adapt measuring heads working in different SFM modes.

Contrary to the measuring strategy used for Veritekt B, in which the laser inter-
ferometers are used for calibration of the capacitive sensors at discrete measure-
ment points (1/2 zero points of the interferometer signals) and calculation of cor-
rection values, Veritekt C directly includes the interferometer values in the SFM’s
control loop. To allow the interferometers to be used as measuring and control
systems, the data acquisition electronics were completely changed and signal pro-
cessing realized on the basis of a fast signal processor [5]. Integration of these
data acquisition electronics into Veritekt C allows the resolution of the interferom-
eter values to be increased to 0.04 nm and the interferometers to be operated at a
data rate of 20 kHz.

As nonlinearity of the interferometer signals (which amounts to approx. 3 nm
in the uncorrected form) is a limiting factor when measurement uncertainties in
the range of a few nanometers are concerned, diverse correction procedures for
the nonlinearity were investigated when the measuring electronics was modified.
Finally, a procedure that follows the principle developed by Heydemann [25] was
embedded into the control loop of the interferometers. This procedure corrects
the deviations of the interferometers’ electrical signals u¢ and u¢ in amplitude,
offset, and phase by an ellipse fitting method:

uf=u1+p I/Lg:

R

(upcosa — ug sina) + q.

In view of the calculation effort involved, this algorithm is usually not implemen-
ted as online method. The investigations performed on Veritekt C have, however,
shown that the ellipse parameters p, g, r, and a can be assumed to be constant
over a sufficiently long period of time and need not, therefore, be permanently
determined during correction. This allows the procedure to be integrated into
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the interferometer’s measuring circle without restriction of the data rate. The cor-
rection described allowed remaining nonlinearities of the interferometer signals
to be reduced to 0.3 nm.

After the interferometer data rate had been successfully increased, the measur-
ing principle of the SFM was revised to accelerate data acquisition of all signals.
On this basis, a new measuring mode was developed for scanning of the sample.
Central triggering of all measuring and control elements installed in the SFM
then allows the measurement object to be scanned with constant velocity and
to simultaneously determine the measurement data of both the positioning sys-
tem and the SFM sensor acting as null indicator. This makes deceleration of
the movement during acquisition of the measurement point data unnecessary;
this “scan-on-the-fly” measuring principle allows the measurement velocity in
the x-direction (fast scan axis) to be increased to up to 25 um/s as a function
of the topography to be investigated. Because of the fast data acquisition, the in-
fluence of thermal drift and other environmental factors can be reduced.

Modernization of the data acquisition software, an automated sample position-
ing system, and the efforts taken to realize automatic measuring processes (batch
processes) have further improved the handling of the device. Because of the use
of laser interferometers as displacement measuring sensors, calibration of the
measuring system so far required can be dispensed. This leads to a reduction
of the whole measuring time.

1.3.2
Metrological Large Range Scanning Force Microscope

For an increasing number of practical applications of scanning probe microscopy
— also in the field of SPM metrology — the measuring range of piezo scanning
stages (x, y < 100-200 um) is too small. These applications comprise, for exam-
ple, the determination of roughness in accordance with written standards and in-
vestigations on lateral standards whose evaluation requires measurements in the
millimeter range. For the reasons mentioned, different concepts have been devel-
oped to extend the measuring range of SFMs with the aim of increasing the dis-
placement range of piezo actuators [26] or using alternative positioning systems
[27].

The PTB decided to develop and manufacture a positioning system on the basis
of the so-called nano measuring machine [27] that meets the specific metrological
requirements of industrial metrology. This device was combined with a measur-
ing head based on a focus sensor known from the Veritekt SFM. A measuring
instrument is thus available that combines a positioning range of 25 X 25 X
5 mm® with the detection principles of scanning force microscopy — the so-called
metrological large range scanning force microscope (LR-SFM). Its operating prin-
ciple is shown in Figure 1.9.

The object stage is moved via three linear driving systems that are position
controlled by laser interferometers. Two angle-measuring systems have been
included in the control unit to correct for guidance errors of the motion stage.
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Fig. 1.9 Diagrammatic sketch of the metrological large range SFM (LR-SFM)

(components such as drives and rails are not shown for reasons of clarity),
(source: TK llmenau).

Similar to the Veritekt SFMs, the reference system is formed by plane mirrors; in
the case of the LR-SFM, the mirrors have been combined to form a cube corner.
The resolution of the measuring system amounts to 0.08 nm or 0.001, respec-
tively. The construction of the device is aimed at achieving coincidence of measur-
ing and reference plane to minimize Abbe errors.

To increase the dynamics of the positioning system, a compact vertically mov-
ing piezo stage was arranged on the sample stage of the NMM. This one allows
fast scanning with a range of up to 2 um. Its compact and stiff design results in a
high mechanical resonance frequency f; of 20 kHz. The movement of this stage is
measured and its position controlled via a capacitive sensor arranged in the mid-
dle of three symmetrically arranged piezo actuators. During scanning of the sam-
ple, the lateral movement is performed exclusively with the NMM, whereas the
height adjustment results from a combined movement of the vertically adjustable
z piezo stage and the NMM. The whole device is controlled via two signal proces-
sor systems. One is responsible for the NMM, the other realizes height adjust-
ment and data acquisition. More detailed information about the measuring tech-
niques used and the control systems implemented can be found in [28, 29]. The
photo in Figure 1.10 shows the metrological LR-SFM.

After finishing the design of the measuring software for the complete device,
extensive investigations into the metrological properties of the LR-SFM were
carried out. As an example, the first results of measurements performed on a
flatness standard and on a sinusoidal lattice standard are shown.

The topographic image of the flatness standard (Figure 1.11) can be used to es-
timate the quality of the motion (influenced by the guidance mechanism) and to
evaluate the instrument’s noise behavior. The image shows that the structure
measured is very flat and that artifacts as they may, for example, be caused by
the ball bearings, are not detectable. The residual instrument noise (3 nm p-v)
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is mainly due to external influences such as building vibrations and acoustic ex-
citations, and it should be reduced by optimizing the environmental conditions.

Suitability of the LR-SFM for measurements on lateral standards and determi-
nation of the structure period is illustrated by the example of a sinusoidal lattice.
Figure 1.12 shows the scan image of a one-dimensional lattice that has been
scanned in the x-direction with a measuring range of 1.35 mm (this corresponds
to 20 times the scanning range of the Veritekt SFMs!). As calculation of the struc-
ture period is based on a statistical procedure, a larger number of structures
allows us to improve the measurement uncertainty of the measuring procedure,
provided the sample structure is homogeneous. Repeated measurements on this
sinusoidal lattice showed an identical periodic value of 416.67 nm. This result
agrees with the reference value from diffractrometric optical measurements with-
in two decimal places.
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Fig. 1.12 Determination of the lattice
constant on a sinusoidal lattice with approx.
3000 periods (measuring range in the x-direc-

0 %/ mm 1,35 tion 1.35 mm).

Further measurements on nanostructures and step heights have confirmed the
high spatial resolution of the measuring instrument and agreement of the mea-
sured values with reference values from international comparisons.

The investigations initiated to optimize the LR-SFM and extend it by alternative
detection principles are permanently continued and are to demonstrate that the
measuring system is also suitable for the measurement of structures with a topo-
graphy up to the millimeter range. Measurement tasks such as calibration of tip
geometries on indenters for hardness measurement, investigation of structures
on photo masks from semiconductor industry, determination of dimensional
parameters on parts in the field of microsystem technology and the like are
already demanded by industry and represent potential fields of application for
the metrological LR-SFM.

1.4
Summary

Special emphasis in the field of dimensional nanometrology at PTB is placed on
the development and optimization of measuring instruments for SPM metrology.
The development of sensor heads comprises, among other things, the concept of
the “sensor objective” to combine conventional microscopy with scanning probe
techniques. It is characterized by its extraordinary versatility that is due to the use
of different measuring heads and detection principles. In the field of complete
metrological SFM systems, the measuring properties of one of the existing Veri-
tekt systems have been significantly improved by including laser interferometers
directly into the position control loop and by a clear reduction of the nonlinearity
of the interference signals. In addition, the application spectrum of metrological
scanning probe microscopy has been considerably extended by the establishment
of an SFM system with a measuring volume of 25 mm X 25 mm X 5 mm.
The experience gained in the past few years has shown that it is precisely the
performance of development work in the field of SPM instrumentation at PTB
that is of decisive importance for the quality and understanding required for sub-
sequent use of these devices and their calibration. No study of operating instruc-
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tions or training courses can replace the know-how gained in this work. Many de-
velopment projects have produced innovative solutions to reply to metrological
questions. In accordance with our philosophy, these activities are carried out
almost exclusively together with partners from industry and are, if possible,
based on commercially available components. Several examples of successful
technology transfer (among others Physik Instrumente (PI) GmbH, SIOS Mess-
technik GmbH, Surface Imaging Systems (SIS) GmbH) can be shown; they have
been implemented in many industrial products in the whole world.

Because of the continuing miniaturization in many high-technology fields and
the increasing number of metrological applications of SPMs, scanning probe
microscopy will be of outstanding importance for the future work in the field
of dimensional nanometrology at PTB.
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2
Nanometrology at the IMGC
M. Bisi, E. Massa, A. Pasquini, G. B. Picotto, and M. Pisani

Abstract

A survey of the nanometrology-related activities in progress at the Istituto di Me-
trologia “G. Colonnetti” (IMGC) is presented. Some special apparatus for critical
measurements in the nanoscale range are described. The development of instru-
mentation and methods for quantitative scanning probe microscopy, optical
diffractometry, and atomic scale displacement metrology by combined x-ray and
optical interferometry is outlined. Focus is given on calibration and methods
for traceable measurements, high-resolution positioning, and subnanometer dis-
placements measurements.

2.1
Introduction

The continuous miniaturization of processes and products (top—down approach)
as well as the fabrication of nanoscale systems by molecular assembly (bottom—up
approach) have extended the needs for measurement and testing in the nanome-
trology [1, 2]. The development of instrumentation, standards and traceable mea-
surement methods in the nanoscale should address these requirements of quan-
titative measurements of critical functions and dimensions, not only restricted to
physical quantities and microscopic specimens.

In this contribution, some activities are briefly described at the IMGC in the
fields of surface and atomic-scale metrology. A special apparatus (nanobalance)
for the measurement of forces in the nanorange is also described. The IMGC
is an Institute of the National Research Council (CNR) of Italy and carries out re-
search to maintain and develop national measurements standards for thermal
and mechanical metrology.

Nanoscale Calibration Standards and Methods: Dimensional and Related Measurements in the Micro- and Nanometer Range.
Edited by Gunter Wilkening, Ludger Koenders Copyright (© 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
ISBN: 3-527-40502-X
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2.2
Surface Metrology

2.2.1
Scanning Probe Microscopy

Surface metrology of patterned, nanostructured, and functionalized surfaces in
the submicrometer range is a key step in many processes of micro- and nano-
fabrication [3]. In this field, scanning probe microscopy (SPM) is a very useful
metrological tool for high-resolution three-dimensional (3D) imaging of microto-
pography and local physical properties of surfaces of a wide range of materials.
Quantitative SPM measurements of critical dimensions, pitch and step-height
of patterned surfaces need of instruments with accurate and stable devices,
which must use onboard laser interferometers or capacitive sensors to monitor
and control tip/sample displacements. The use of laser interferometers is more
complicated and expensive but provide direct traceability to the wavelength of
light.

A probe microscope [3] in which particular attention has been paid to the trace-
ability of surface geometry measurements has been made at IMGC to measure
critical dimensions in regular structures (gratings, grids, and steps, etc.) and to
observe critical parameters of irregular structures (granularity of evaporated
films, surface roughness, etc.). The microscope has been used for intercompari-
sons on step-height standards, gratings and patterned grids [4].

The microscope (Figure 2.1) uses a flexible structure working either with tun-
neling or atomic force heads. The structure accommodates a sample-moving
scanning device based on stacked xy- and z-stages operating in a working volume
of 30 X 30 X 15 pm with interferometer and capacitance-based controls of displa-
cements. The xy-stage uses plane-mirror linear interferometers and fast phase
meters to monitor and control the horizontal movements of precise ball-bearing
stages driven by piezo flexure actuators.

The z-stage uses a novel design based on three pairs of capacitive sensors and
PZT bimorph plates driving a kinematic sandwich-like assembling of two plates,
the upper one supports the sample and can be easily removed and precisely repo-
sitioned for sample handling. The overall design and the kinematic arrangement
allow a 3 degrees of freedom movements with a quasi independent electro-me-
chanic behavior of the three sensor-actuator pairs. The capacitive sensors have
the double purpose to guarantee a pure parallel movement, namely z displace-
ments free of pitch and roll tilts, and to deliver a measurement of the displace-
ment itself.

The estimated error budget gives an uncertainty of Uss/nm ~ Q[2,1X1073L]
with planar dimensions L larger than 200 nm, and of Uss/nm ~ Q[2,2 X 1073h]
with step-height h larger than 100 nm. The quadratic notation Q[a, b-L] is the
square root of quadratic sum of the two arguments a and b- L.

Quantitative measurements of pitch, linewidth, step-height, and critical dimen-
sions should include errors due to the tip shape, the finite sampling (number of
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sampling points and converters resolution) and numerical calculation (FFT, win-
dowing, ...).

High sharpness of the tip may reduce reconstruction errors due to the finite tip
size while imaging surfaces having high-aspect ratio features. A two-step electro-
chemical method has been developed for sharpening tunneling tungsten tips [5],
and the feasibility of tips having carbon nanotubes at the apex is under a preli-
minary investigation. Carbon Nanotubes may represent ideal SPM probes due
to their high-aspect ratio, provides faithful imaging of deep trenches, while
good resolution is retained due to their nanometer-scale diameter.

2.2.2
Optical Diffractometry

Diffraction gratings and grids having pitch between few hundreds of nanometers
and tens of micrometers are widely used as transfer standards for the calibration
of microscopes (optic, probe or electronic). Optical diffractometry is by far the
most accurate technique to calibrate this kind of standards.

A convenient way for measuring the grating pitch by means of the diffraction
angle measurement is the “Littrow” (or “autocollimation”) setup shown in Figure
2.3. The grating, mounted on a goniometric table is illuminated by a calibrated
laser source and is rotated until the diffracted beams are parallel to the incoming
beam (incident angle = diffracted angle = a), an optoelectronic device (a two-
quadrant silicon photo-detector) reveals this null condition. Compared to other ex-
perimental configuration, the Littrow one offers the advantage of a fully symme-
trical setup and only one angle to be measured. The diffraction angle can be mea-
sured either with respect to the normal reflection angle (¢ = 0), or by measuring
the difference between the two opposite diffraction angles thus minimizing
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systematic errors. When more than two diffracted beams are present, it can be
advantageous to measure the higher orders because at greater angles the relative
uncertainty of the goniometric table is less.

The IMGC diffractometer makes use of two He—Ne stabilized lasers (633 and
543 nm) whose wavelengths have been calibrated by comparison with the na-
tional length standard. The goniometric table angular resolution is 10" and the
optoelectronic circuit has a sensibility of 0.1”. A polarizing beam splitter (PBS)
in combination with a quarter wave plate (1/4) is used to direct the diffracted
light toward the two-quadrant detector. A beam expander is used to expand the
beam diameter in order to match the grating dimension. For pitches p < 1/2
there is no diffraction, thus the smallest measurable pitch is about 280 nm mak-
ing the use of the green laser. The limit to the maximum measurable pitch is due
to the visibility of the diffraction orders (which become closer and weaker for
greater values). Gratings with pitches up to 100 um have been measured.

With any of the n diffracted beams in the autocollimation condition, the grating
pitch is

p=Ni/2sin a (2.1)

where 1 is the laser wavelength, N is the diffraction order and « is the autocolli-
mation angle. The main contribution to the uncertainty is given by the uncer-
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tainty of the measured angle a (the uncertainty of A can be neglected). With some
approximation, we obtain

Ap = Aa(2p?/N}) (2.2)

From the given estimation, it follows that the relative uncertainty is not constant
but increases with the pitch (the smaller is the pitch, the better is the measure-
ment). Meanwhile, the number of the visible orders N increases with the pitch
(Nmax = INT(2p/A)), thus leading to discrete jumps of the uncertainty to lower
values.

The graphs of the relative uncertainty calculated for different values of the dif-
fracted order N are shown in Figure 2.4. The diamonds represent the experimen-
tal uncertainties obtained in the calibration of gratings and grids. With larger
pitches the uncertainty increases because it is limited by the maximum diffraction
order N used for the measurement (indeed higher diffraction orders can be too
weak to be measured).

The IMGC has taken part to the comparison CCL-S1 [6] on 1D gratings having
nominal pitches of 290 and 700 nm. The uncertainties of the measurements car-
ried out using optical diffractometers (OD) are comparable and the given values
are compliant. Other techniques lead to much greater uncertainties.

223
Stylus Profilometry

A stylus-based profilometer is used at the IMGC for the calibration of step-height
and groove-depth standards having wide rectangular steps and diamond-cutted
grooves with flat or rounded trenches (type A — ISO 5436). The stylus makes
the use of small tip—surface loads (10-100 uN) to record the profiles (Figure
2.5) of grooves/steps in the range from about 5 nm to 15 um. The groove-
depth/step-height h is given with an uncertainty Uys/nm ~ Q[1, 4.7h] where h
is expressed in micrometers. The given uncertainty is obtained by calibrating
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the displacement sensitivity of the stylus by means of a piezocapacitive displace-
ment actuator, which in turn is calibrated using an interferometric setup [7]. In
this way, a direct traceability to the length standard is obtained.

The displacement actuator is driven in such a way to realize rectangular dis-
placement steps for calibrating the different magnifications of the instrument
up to the full range of stylus displacements.

The profilometer has been used for the comparisons CCL-S2 (NANO2) on step-
height standards, and EUROMET.L-S11 on roughness and groove standards type
A2 [8, 9]. Results and uncertainties agree with the comparison reference values.

23
Atomic Scale Metrology

The activity is focused on the measurement of the (220) lattice plane spacing of
silicon by means of combined x-ray and optical interferometry, which is one of
the most advanced tool for atomic-scale displacement metrology. Our aim is to
determine the spacing of the (220) lattice planes in silicon to within 5 X 107 re-
lative uncertainty, about an order of magnitude lower than present uncertainty.
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2.3.1
Lattice Parameter of Silicon

An x-ray interferometer is similar to a Mach-Zehnder interferometer in classical
optics. As Figure 2.6 shows, it consists of three thin, flat, and parallel Si crystals
cut in such a way that the (220) lattice planes are perpendicular to the surfaces of
the three crystals. A crystal, called analyzer, is separated from the other two, so
that it the can be moved in a direction orthogonal to the diffracting planes.
Mono-energetic x rays (in Figure 2.6, the Mo Ka radiation from a conventional
x-ray source) are split by Laue diffraction by the first crystal (splitter). The two
beams are split again by the second crystal (mirror) and recombined by the ana-
lyzer. The lattice parameter of silicon is obtained from the number of (220) lattice
planes in a crystal portion of known length. The measurement requires that the x-
ray interferometer is combined, in vacuum, with an optical interferometer so as to
have the same baseline, along which the analyzer is moved [10]. The polished
front surface of the analyzer is itself a mirror ideally parallel to the (220) planes
and its position and attitude are sensed by the optical interferometer.

The relevant measurement relation is d,,, = (m/n)A/2, where n is the number
of x-ray fringes in m optical fringes of period 1/2. The (220) lattice plane spacing
is related to the lattice parameter by d,, = ao/v/8. The definition of the quantity
measured, ideally, the spacing of the (220) lattice planes, requires a careful exam-
ination. In fact, the x-ray interferometer performs an average of individual lattice
spacing values and lattice strain, crystal bending and surface affect this average. If
a relative uncertainty of 10 is required, these contributions to the measurement
result must be carefully evaluated [11]. The development of long-range position-
ing devices having picometer resolution is crucial for the future of scanning
x-ray interferometry. Successful operation of an x-ray interferometer is a difficult
task. Particularly important are operation in vacuo, temperature control to within

Fig. 2.6 A combined x-ray and optical interferometer. The laser interferometer senses the
analyzer location at four points by means of a position-sensitive detector. Displacement, pitch,
and yaw are thus simultaneously measured.
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a few millikelvin, picometer positioning, vibration, and parasitic rotation control
to within picometers and nanoradians, respectively. In a combined x-ray and
optical interferometer, ultra-precision positioning and movement can be achieved
by feeding back into the piezoelectric translator, the position error detected either
by the x-ray interferometer or the laser interferometer. An elastic guide capable of
displacements up to 2 mm, smooth to within 1 pm and with yawing and pitching
to within 1 nrad, is described by Bergamin et al. [12]. It uses the feedback from
the laser interferometer, which detects simultaneously the analyzer displacement
position and parasitic rotation [13]. Not only prompt and accurate positioning was
obtained, but vibrations were also compensated. For still longer displacements a
slideway would be required, but, in order to compensate for relatively large guid-
ing errors, it is necessary to have a mechanical interface seated atop and driven so
as to compensate for parasitic rotations and for straightness errors. A solution is
shown in Figure 2.6. It consists of two stacked platforms, which rest on piezoelec-
tric elements [14]. The bottom platform compensates for lateral movement and
yawing; the top one compensates for vertical movement and pitching. Two capa-
citive sensors, whose target plates are the top and side faces of a right parallele-
piped, detect parasitic movements in order to render the displacements straight.

232
Combined Optical and X-Ray Interferometry (COXI)

The requirement is to measure displacements up to 1 mm with subnanometric
accuracy. While in principle it is possible to measure a displacement of this mag-
nitude using x-ray interferometry alone, the technological difficulties would be
very great. X-ray beam intensities are such that, typically, x-ray displacement mea-
surements are orders of magnitude slower than those made by optical interfero-
metry, the slow scanning speed would make measurement times inconveniently
long. Additionally, the longer measurement range would suggest the use of sepa-
rate crystal x-ray interferometer with all its attendant problems of alignment and
sensitivity to perturbations. These problems have been circumvented by limiting
the range covered directly by the x-ray interferometer to 10 um only, and by mea-
suring the major part of the displacement by optical interferometry. COXI is
based on coupling an optical interferometer and x-ray interferometer in such a
way that the two interferometers supplement each other. The optical interferom-
eter’s fringe period is about 1648 times larger than the x-ray interferometer’s
fringe period, but is known with high accuracy (1 pm) (Figure 2.7). The objective
of COXI is to provide a means whereby the transducer used for the nanometer
range can be calibrated in terms of the national standards of length, that is to de-
velop an instrument for the measurement of linear displacements with ultra high
precision, +10 pm measurement uncertainty for displacement up to 10 um, and
+100 pm for displacement up to 1 mm [15, 16].
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Fig. 2.7 Optical fringe interpolation by x-ray interferometry. The zoom shows the actual mirror
displacement by increments of 192 pm. On the right, the residuals of a best fit sinusoidal model
to data is shown.
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X-ray interferometry makes it possible to apply phase-contrast imaging technique
both to the investigation of crystal perfection and to the x-ray imaging.

2.4.1
Detection of Small Lattice Strain

In a triple Laue interferometer, the interference pattern is a moiré pattern formed
by the superposition of the diffracting lattice plane of the crystals forming the in-
terferometer. In other words, the phase delay of x rays along the two paths in the
interferometer are 27(sy—s,)/d,y0 and 27(s;—ss)/d,,0, Where s; are the components
of the displacement vectors of the analyzer, splitter, and mirrors along a direction
normal to the diffracting planes. The displacement vector is defined as the vector
from an atom in the undeformed crystal to the very same atom in the deformed
crystal. Therefore, s; are small slowly varying functions describing the distortion
of the (220) lattice planes [17]. Hence, fringes are created owing to x rays crossing
through misplaced atoms; crystal defects and strains are visible in the interfer-
ence pattern (Figure 2.8).

Since four sets of diffracting planes superimpose to form the moiré pattern, an
identical deformation in all the crystals is unobservable. This technique gives no
indication about the amount of strain in any individual crystal of the three. As
shown in Figure 2.9, strain and rotations can easily be detected and mapped.
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(A) analyzer, and (D) multianode photo-multiplier with a pile of eight Nal(Tl) crystal.
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Fig. 2.9 Phase-contrast image of lattice strains in a Si crystal. x (mm)
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Phase-Contrast Imaging

X-ray imaging has remained unchanged since Roentgen’s discovery and still relies
on absorption. Absorption well differentiates heavy and light elements, but it is
not so successful in distinguishing soft tissues, which are transparent to x-rays
so that differences in density and composition have negligible effects on absorp-
tion. However, in the case of light elements and at typical x-ray energy of 20 keV,
x-ray phase shifts can be up to a hundred times greater than absorption. The
phase change is produced by the refraction index, as it is in optics. Therefore,
it is possible to observe the sample “fingerprint” in the x-ray phase even when
the corresponding shadow in a conventional intensity image is undetectable. A
way to observe the phase fingerprint is by x-ray interferometry. A phase-shifting
sample placed in either of the x-ray paths in the interferometer causes an inter-
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Fig. 210 Phase-contrast image (Newton’s rings) of the lens focusing the laser beam in a
compact disc reader. Lens diameter is 4 mm. The reflection plane of rays is in the vertical

direction. The background interference pattern is due to lattice strains in the interferometer
crystals. Remaining shadows are caused by the framework.

ference pattern encoding detailed information about the interior sample to be ob-
served. Contrary to absorption, phase contrast does not display an immediately
readable image: it is the electron-density contour map, where contour lines are
the interference fringes. Fringe spacing is inversely proportional to the density
gradient and when fringes become dense, they are hard to resolve. For this rea-
son, x-ray interferometry is very satisfactory for almost flat phase profiles and is
particularly suitable to detect small inhomogeneities. Figure 2.10 shows the inter-
ference pattern of the plastic lens that focuses the laser beam in a compact disc
reader. That image has been obtained at the ELETTRA’s SYRMEP beam-line.
Symmetry makes the image particularly simple: dark and bright rings alternate
from the center to the edge of the lens with increasing frequency. They are the
equivalent of Newton's rings in optics and clearly evidence the lens shape. Fringe
contrast is lost at the lens edge because of insufficient resolution. X-ray interfero-
metry can reveal fine structures in biological samples, but limitations arise from
the interferometer geometry: first, by absorption and, second, by loss of spatial
resolution due to the Borrman broadening of x rays in the analyzer. This is evi-
dent in Figure 2.10, where fringe contrast is lost more quickly in the vertical
than in the horizontal directions. The limit resolution, which can be overcome
by reducing crystal thickness or by using Bragg geometry, is set by the width
of the interferometer transfer function: this is a consequence of the uncertainty
relationship between Fourier transform pairs.
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2.5
Nanobalance

IMGC, Alenia Spazio, and Politecnico of Turin have designed and realized the
Nanobalance, an instrument for the direct measurement of the magnitude and
spectral density of thrust of ion micro-propulsor (field emission electric propul-
sion — FEEP) and gas micro-propulsor in the frequency band between 10™* Hz
and 5 Hz, with a (frequency-dependent) resolution between 10 nN and 1 uN.
This type of micro-propulsor, characterized by a maximum thrust of 1 mN, will
be used to control the attitude and to compensate for the atmospheric drag in
some scientific missions such as GOCE (mapping of the Earth’s geo-potential)
and LISA (a Michelson interferometer for the detection of gravitational waves).
Nanobalance is an innovative concept: it is an high-resolution instrument, used
during the development phase of the micro-propulsors.

Nanobalance is an interferometric balance working in vacuum and consisting of
a Fabry—Perot resonator whose length is modified by the action of the micro-pro-
pulsor. The instrument (Figure 2.11) is positioned on a circular plate, mechani-
cally isolated by means of the vacuum chamber, which is mounted on a pneu-
matic damping system (Figure 2.12).

The micro-propulsor is mounted on a rigid pendulum connected to a Zerodur
spacing by an elastic hinge. The other micro-propulsor (which in not used during
the measurement) is mounted on another pendulum to balance the instrument.
The two pendula have been manufactured in order to have the same mechanical
characteristics (within manufacturing tolerances) in order to optimize the behav-
ior of the instrument.

When the micro-propulsor is not powered, the pendula oscillate in phase (at
about 13 Hz): every mechanical disturb (acoustical or seismic), which is propa-
gated to the instrument, produces a common mode perturbation and does not im-
pair the motion of the pendula. The rejection of the common mode disturbances
cannot be completed eliminated because of the unavoidable small differences in
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Microthruster
Under test

= Dummy
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[T T| T
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H AL B
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Active Pendulum Passive Pendulum concept.
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Fig. 212 Experimental
apparatus.

the geometry of the two pendula. Anyway, the frequencies of the two pendula can
be equalized to better than 0.1 Hz.

Two mirrors, mounted at the lower end of the pendula, realize a Fabry—Perot
resonator. A Nd:YAG laser is locked to the FP resonance by means of the
Pound-Drever technique [18] and of a digital control [19, 20]. Another laser is
stabilized with respect to a transition of the iodine molecule, with a frequency
stability better than 10™'* for 1 s integration time.

The beat frequency between the two lasers gives the information about the
value of the thrust produced by the micro-propulsor. When the micro-propulsor
is switched on, the FP resonator’s length is modified and so is the beat frequency
between the two lasers. The laser frequency (=490 THz) is locked to the FP by
means of a Digital Control Unity having a control bandwidth of about 200 Hz.
Therefore, the laser frequency deviations represent the low-frequency response
(<2 Hz) of the instrument under the action of the micro-propulsor under test.

The calibration of the frequency-to-force conversion factor of the instrument is
performed by applying a known force to one pendulum by means of a calibrated
linear actuator.

2.6
Conclusions

Nanometrology at the IMGC aims to extend traceability and measurement cap-
abilities in surface and atomic-scale metrology. A relevant activity is dedicated
to the development of new apparatus for the measurements of physical quantities
in the nanoscale.

Developments of the SPM metrological instrumentation are foreseen to extend
sampling, working range, and measuring capabilities for the needs of critical di-
mension measurements. The optical diffractometer is used as well to investigate
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the optical scatterometry, a promising technique for determining critical dimen-
sions of periodic structures.

The future of x-ray interferometry is bounded by capabilities to comply with the
accuracy requests in the fabrication of perfect-crystal x-ray optics and in the posi-
tion and alignment controls of the separate crystals. One of the challenges is in
the ability to extend the analyzer traverse over a distance of many centimeters.
Such an extension must be based on the integration of long-range slideways,
laser metrology, and control over 6 degrees of freedom commensurates with
the requirement of picometer-scale displacements. Another is in the ability to ex-
tend the interferometer field of view and resolution of phase-contrast imaging.

The nanobalance is an innovative apparatus showing, to the authors’ knowl-
edge, the best resolution ever achieved for this kind of measurement. The charac-
terization of one micro-propulsor has already been successfully performed; other

micropopulsors will be characterized soon.
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Metrological Applications of X-ray Interferometry

Andrew Yacoot

Abstract

In recent years there have been developments in the use of x-ray interferometry
for dimensional metrology at the nanometre and sub-nanometre level. Examples
of some applications are described in this paper.

3.1
Introduction

The technique of x-ray interferometry was first demonstrated by Bonse and Hart
[1, 2]. A few years later Hart [3] showed that an x-ray interferometer could be used
as a metrological instrument. Unlike most optical interferometers, the fringe
spacing in an x-ray interferometer is independent of the wavelength of the inci-
dent radiation; it is determined by the spacing of diffraction planes in the crystal
from which x-rays are diffracted. Silicon is the material normally used for an x-ray
interferometer since it is readily available in a pure and defect free form with a
known crystallographic orientation. Another major advantage for metrological
applications is that the lattice parameter of silicon has been measured very
accurately and is regarded as a traceable standard of length [4]. The fringe spacing
in an x-ray interferometer is therefore not only several orders of magnitude smal-
ler than that in an optical interferometer thereby obviating the need for fringe
division as with optical interferometry, but is also traceable.

Figure 3.1 shows a schematic diagram of a monolithic x-ray interferometer and
Figure 3.2 shows a photograph of a monolithic x-ray interferometer developed for
the combined optical and x-ray interferometer (COXI) project described later. It was
made from a single crystal of silicon. Three thin vertical equally spaced lamella
were machined and a flexure stage was machined around the third lamella.
The flexure stage has typically a range of a few micrometres and is driven by a
piezoelectric transducer (pzt). X-rays are incident on the first lamellae, (B) at
the Bragg angle and two diffracted beams are produced; the first lamella can

Nanoscale Calibration Standards and Methods: Dimensional and Related Measurements in the Micro- and Nanometer Range.
Edited by Gunter Wilkening, Ludger Koenders Copyright (© 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Direction of motion

Fig. 3.1 Schematic diagram __ .y~
of an x-ray interferometer. The

three lamellae B, M, and A are

referred to as the beamsplitter,

mirror and analyzer.

Fig. 3.2 Monolithic x-ray interferometer
developed for COXI project.

be thought of being analogous to the beamsplitter in an optical interferometer.
The two beams diffracted from the first lamella are incident on the second lamel-
la (M) that can be thought of as being analogous to the two mirrors in a Michel-
son interferometer. Two more pairs of diffracted beams are produced and one
beam from each pair converges on the third lamella (A). These two beams give
rise to a fringe pattern whose period is equal to that of the lattice planes from
which the x-rays were diffracted. For the (220) planes in silicon this is equal to
0.192 nm. The pattern would be too small to resolve individual fringes, however
when the third lamella is translated parallel to the other two lamellae, a Moiré
fringe pattern between the coincident beams and the third lamella is produced.
Consequently, the intensity of the beams transmitted through the third lamella
varies sinusoidally as the third lamella is translated. By measuring the intensity
of one of these transmitted beams it is possible to measure the displacement
of the third lamella. Since the displacements are traceable to the definition of
the metre, the x-ray interferometer can be regarded either as a ruler with sub-
nanometre divisions or as a translation stage that makes traceable displacements
over a small range in sub-nanometre steps.
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The major interest in x-ray interferometers has been directed towards coupling
them with an optical interferometer for making more accurate measurements of
the lattice parameter of silicon as part of the Avogadro project [5, 6]. The driving
force for this work is a more accurate determination of the Avogadro constant,
which could lead to the replacement of the kilogram mass standard artifact.
The measurement of lattice parameter is achieved using a separated crystal
x-ray interferometer in which the third lamella has been separated from the
other two, i.e., the interferometer is no longer a monolith. This third lamella
is mounted on a separate translation stage whose movement is measured
using an optical interferometer. The stage has a greater measurement range
than a monolithic x-ray interferometer. By counting the number of x-ray and op-
tical fringes through which the third lamella is moved, it is possible to obtain
the ratio of the lattice parameter of silicon to the wavelength of the radiation
used in the optical interferometer and hence a traceable measurement of the
silicon lattice parameter. Since the alignment of the two components of the
x-ray interferometer must be maintained to sub-atomic tolerances great care is
required. The value of the lattice parameter obtained from such experiments [7]
is used in the other more practical applications of x-ray interferometry described
below.

3.2
Measurement of Non-linearity in Optical Interferometers

Considerable effort has been made by metrology institutes towards developing
x-ray interferometry into a practical tool for dimensional metrology. The displace-
ments measured using an x-ray interferometer are free from the nonlinearity
associated with optical interferometers [8]. X-ray interferometry is therefore an
excellent tool for determining the non-linearity in an optical interferometer.
The x-ray interferometer is used to make a known displacement that is measured
using the optical interferometer under test. By servo controlling the piezoelectric
transducer (pzt) used to move the third lamella is possible to either hold the third
lamella in a fixed position or move it in discrete steps equal to one x-ray fringe
period [9]. A comparison of the results obtained by the optical interferometer
with the displacement of the interferometer yields the non-linearity in the optical
interferometer. The non-linearity of the NPL designed Jamin interferometer and a
Heidenhain encoder have both been measured using x-ray interferometery [10,
11]. In both cases cyclic errors with amplitudes of much less than 100 pm
were observed once the Heydemann correction [12, 13] had been taken into
account. Figure 3.3 shows results obtained for the Jamin interferometer when
the x-ray interferometer was scanned through five optical fringes.
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Fig. 3.3 Measurement of non-linearity in NPL Jamin interferometer.
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An obvious disadvantage of the x-ray interferometer is its limited range of a few
micrometres. To overcome this problem the National Physical Laboratory (UK),
Physikalisch-Technische Bundesanstalt (Germany) and Istituto di Metrolgia ‘G.
Colonnetti (Italy), joined forces to develop a Combined Optical and X-ray Interfe-
rometer, COXI [14], as a facility for the calibration of displacement transducers.
This instrument utilized the high resolution of the x-ray interferometer together
with the long range of an optical interferometer to provide a calibration range of
1 mm. The x-ray interferometer developed for this project (see Figure 3.2) has on
the side of the moving component an optical mirror that was coupled to an optical
interferometer. Figure 3.4 shows a schematic diagram of the COXI instrument.
The optical interferometer is a double differential system with one path measur-
ing the displacement of the moving mirror on the x-ray interferometer with
respect to the two fixed mirrors above the translation stage for a mirror in the
optical interferometer. The other path measures the displacement of the mirror
(M) moved by the translation stage with respect to the two fixed mirrors either
side of the moving mirror on the x-ray interferometer. Both the x-ray and the
optical interferometer are servo controlled. The x-ray interferometer moves in dis-
crete x-ray fringes (d,y, = 0.192 nm), the servo system for the optical interferom-
eter registers this displacement and compensates by initiating a movement of the
translation stage. If larger displacements are required, the x-ray interferometer
can remain fixed and the translation stage of the optical interferometer can be
moved through a discrete number of optical fringes. Consequently, the translation
stage moves through displacements that correspond to a discrete number of
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Fig. 3.4 Schematic diagram of COXI instrument.
(QWP quarter wave plate, PSD phase sensitive detector).

optical or x-ray fringes, both of which are traceable. The transducer that is to be
calibrated is referenced to the translation stage and its measured displacement is
compared with the known displacements of the optical and the x-ray interfero-
meter.

3.4
Measurement of Small Angles

Another interesting application of x-ray interferometry is the measurement of
microradian angles with nanoradian resolution [15]. The monolithic x-ray inter-
ferometer used in this application had a somewhat different construction than
that of the interferometer shown in Figure 3.2. The interferometer was skew sym-
metric with two ‘M’ Lamellae, one for each of the two beams diffracted by the first
lamella. The flexure mechanism was such that the second two lamellae in the
interferometer, i.e., one of the M lamellae and the analyzer (A) lamella could
be rotated with respect to the first two lamellae. Calibration of the interferometer
showed that one x-ray fringe corresponded to and angular rotation of about
10 nanoradians and the total range of the interferometer was 10 pradians.
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3.5
X-ray Interferometry and Scanning Probe Microscopy

Since the x-ray interferometer is free from the nonlinearities associated with
optical interferometry and its displacements are traceable to the metre it is an
ideal translation stage for use with scanning probe microscopes. In one such con-
figuration [16], a sample was placed on the moving component of the x-ray inter-
ferometer and a scanning tunneling microscope (STM) was placed above x-ray
interferometer as shown in Figure 3.5. This configuration was used to measure
the period of a 100 nm grating produced as a standard for SPMs and the period
of an 80 nm grating. Similar work has been done using the COXI system in order
to extend the scanning range. This time an atomic force microscope (AFM) was
used instead of an STM. The grating under examination was placed on the optical
interferometer translation stage and measurements of the grating period were
made over a small range (up to 1 um) by scanning the x-ray interferometer and
simultaneously recording data with the AFM. A displacement was then made
using the translation stage for the optical interferometer over a distance of several
hundred micrometres followed by more measurements of the grating period
using the x-ray interferometer and AFM [17]. Variations in the values of the
local grating periods of a few nanometres were observed.

Ceramic stip

Inwear rod

Aluminium
Fig. 3.5 Schematic diagram - "\_\
of scanning probe microscope
combined with an x-ray inter-
ferometer. The STM sits on the
three invar rods and is above
the x-ray interferometer. Scan-
ning direction is perpendicular
to the plane of the paper. Granits tabia

3.6
Conclusions

X-ray interferometry offers the possibility of making traceable measurements at
the sub-nanometre level and is free of the nonlinearities associated with optical
interferometers. Since x-ray interferometry is a specialized technique requiring
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extreme mechanical and thermal stability, it will probably remain mainly at
national standards laboratories. However, its application allows the validation of
other more conventional instruments that can be used in a wider variety of appli-

cations. With the increasing need to make dimensional measurements at the

nanometre and sub-nanometre level, x-ray interferometry has a promising future.
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Advances in Traceable Nanometrology with the
Nanopositioning and Nanomeasuring Machine

Eberhard Manske, Rostislav Mastylo, Tino Hausotte, Norbert Hofmann,
and Gerd Jiger

Abstract

Traceability at the nanometric scale is of significant importance for substantial
progress in nanotechnology. At the Institute of Process Measurement and Sensor
Technology of the TU Ilmenau, a nanopositioning and nanomeasuring machine
(NPM machine) was developed, which achieves a measuring range up to 25 mm
X 25 mm X 5 mm. The resolution of the three-dimensional laser-interferometric
measurement is 0.1 nm and free from Abbe errors of first order in all axes.
Design and operation of this NPM machine is described in this paper. Measure-
ment results and opportunities of integration of both a high-precision focus probe
and a scanning force sensor are presented as well.

4.1
Introduction

Current and future advanced technologies such as microelectronics, micromecha-
nics, optics, molecular biology, and material engineering demand increasing
ranges of motion, extreme precision, and high-positioning speeds. Nanoposition-
ing and nanomeasuring machines (NPM machines) are technological means of
positioning, measurement, scan, treatment and manipulation of objects with nan-
ometer precision and can fullfill such demands for even smaller structures, being
localized in increasingly large spatial areas.

According to the International Technology Roadmap for Semiconductors of
2003, the positioning ranges to be realized from 2010 to 2014 will cover an
area of 450 mm X 450 mm. Furthermore, it will be necessary to measure and
also to manufacture structure widths as small as about 35 nm with nanometer
accuracy. Such extreme requirements are closely linked with technologies such
as electron ray or X-ray lithography. However, also nanoimprinting lithography,
which is a very promising new approach to the creation of nanostructures [1]

Nanoscale Calibration Standards and Methods: Dimensional and Related Measurements in the Micro- and Nanometer Range.
Edited by Gunter Wilkening, Ludger Koenders Copyright (©) 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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or self-organizing organic nanostructures, will also place great demands on mea-
surement and positioning technology.

The following techniques and technologies are highly dependent on efficient
measuring and positioning systems: mask and wafer inspection, circuit testing,
large-area and high-speed scanning probe microscopy, genetic engineering, preci-
sion treatment and assembly, development and analysis of new materials, free-
form surface characterization, and 3D-precision measurement of small parts
(e.g., microlenses, microbenches, precision molds, and mechanical precision
parts).

For a great number of scientific disciplines, mastering these new technologies
and techniques means responding to enormous challenges. Also included are par-
ticularly the 3D-techniques for measuring and positioning objects and for sensing
them. Only when these three components can meet highest demands and when
they are optimally adapted to the positioning and measuring tasks, can the re-
quired new quality of measurement be achieved. Lastly, these measurement tech-
niques require traceability at the nanometer scale over a large measurement
range.

At the Institute of Process Measurement and Sensor Technology of the Tech-
nische Universitit Ilmenau, an NPM machine (cf. Figure 4.4 and 4.10) with a
positioning and measurement range of 25 mm X 25 mm X 5 mm, a resolution
of 0.1 nm and positioning uncertainty of less than 10 nm has been developed and
successfully tested [2], [3]. The outstanding precision has been obtained through
the realization of the Abbe comparator principle in all the three measurement
axes and applying a new concept for compensating systematic errors resulting
from mechanical guide systems. These machines are manufactured by SIOS
Messtechnik GmbH Ilmenau. Up to now, eight NPM machines have been
built. They are operating successfully in several German and foreign research
institutes.

4.2
Design and Operation

Conventional coordinate measuring machines realize three measurements in
three perpendicular linear axes (cf. Figure 4.1). Eighteen axes (12 angular and
6 linear axes) are not considered or have to be calibrated. After calibration stochas-
tic errors will especially influence the measurement uncertainty.

So called Abbe errors in two axes are cased by the large distances (a, b) between
the axes of the measurement systems and the measurement point at the sample
to be measured. These errors are calculated as follows:

Al, =a -sin a (4.1)
and

Al,=b -sin 8 (4.2)



4.2 Design and Operation

Fig. 41 Principle of a conventional CMM.

The small-scale coordinate measuring machine of NPL uses a six-axis heterodyne
laser interferometer measurement system (Figure 4.2). The six interferometer
axes measure the displacement and rotation of a set of three mutually orthogonal
mirrors which are mounted on a frame, which itself is kinematically mounted
on the z-axis of the commercial CMM [4].

CMM z-axis

3 mirrors on
reflector cube

frame \

component————s=

autocolimator

miniature probing
system

Fig. 4.2 Principle of the metrology .
small-scale CMM of NPL. frame

The Abbe error occurs as well in two perpendicular axes by the same formulas
(1) and (2). The advantages are:
+ the amount of a and b is smaller than + half of the measurement

range
« the tilt (@ and B) in both axes is measured.
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y-Interferometer ¥-Interferometer
z probe sensor

angle sensor

angle sensaor : :
Intersection of measuring

beams and contact paint of

sample probe sensor system

Fig. 4.3 Setup of an Abbe
error free arrangement in three

z-Interferometer coordinates.

The approach of our NPM machine consists of a consequent realization of the
Abbe comparator principle in all the three measurement axes at all times (Figure
4.3). This means that the axes of the three coordinates have to intersect together at
the contact point of probe sensor system.

The essential advantage of the plane mirror interferometers, developed at the
TU Ilmenau and produced for several years at SIOS Meftechnik GmbH Ilmenau,
is that only one laser beam on the mirror surface is used. All other known inter-
ferometers produce two laser spots on the mirror. Here, the measuring axis lies
virtually in the middle of the two laser beams. In the SIOS interferometers, the
measurement axis and the laser beam coincide ideally. Therefore, the intersection
point can be determined by measurement means very precisely. Nevertheless, we
have to assume a small eccentricity between the laser beam (representing the
measuring axis) and probe tip (Figure 4.4).

A residual Abbe error is necessary a result of a slight tilt of the stage:

Al = ¢ - sin (¢) (4.3)

In contrast to the arrangement of a conventional CMM and the SCMM the value e
is much smaller than a and b (cf. formulas (1) and (2)) in the region of less than

Probe tip —_

Al 1o

o
Mirror corner

__—Laser beam from

P B Fig. 4.4 Realization of the

Abbe principle.




4.2 Design and Operation

0.1 mm. To achieve an Abbe error of less than 1 nm, a tilt of less than 2 arcsec is
allowed. This is a very difficult requirement for a positioning stage with a move-
ment range of 25 mm. It can only be fulfilled with high-precision air bearings. In
most cases such systems are very heavy. This leads to a worse dynamic behavior,
a higher energy consumption and in the end to greater heat development.

Another disadvantage is the tendency of air bearings to vibrate in a range of 5 to
40 nm. Therefore, air bearings are less qualified for closed-loop operation to
stabilize a positioning stage in one point with nanometer accuracy.

This leads to the use of ball bearing systems to minimize vibrations and weight
— for the x- and y-axes one linear guiding system per axis; for the z-axis four
cylindrical ball bearings. Precision ball bearings can achieve a tilt of < 30 arcsec.
To eliminate the influence of this tilt it is necessary to extend the arrangement
with two angular sensors (Figure 4.3) and correct this deviation by a closed-
loop control with appropriate drive systems.

Therfore, fiber-coupled autocollimation sensors with a resolution of less than
0.001 arcsec were developed to measure tilt around all the three coordinate axes.

A number of different drive systems were investigated in the preliminary stages
of the development of the NPM machine. Those drive systems should have a
range of displacement of up to 25 mm and, at the same time, permit a position-
ing resolution of less than 1 nm. As conventional stepping and DC-motor drives
do not achieve the required resolution, they were equipped with additional small-
range precision actuators. Because of the permanent switching between coarse
and fine positioning, it is not possible to achieve good dynamic behaviour.

Next, a number of piezoelectric stepping and vibration drives were investigated.
Although those types of drives attain high displacement speeds of up to 300 mm/s,
they do not provide the required resolution of 1 nm.

Surface

Sensing
y-interferomatar Probe

Sample
Angle Sensor  x-inierlerometer

Mirror Cormer
Angle Sensor —

—— Body made
of Zerodur

z-Interferomater
Basoplate

Fig. 4.5 Basic setup of the NPM machine.
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For this reason, it was decided to employ electrodynamic drives in the NPM ma-
chine (cf. Figure. 4.3). These drives permit achieving displacement speeds of up
to 50 mm/s within the entire positioning range and, at the same time, a position-
ing accuracy of 1 nm. As these drives are not self-locking, the permanent control
of the position on the basis of the measurement values supplied by the interfe-
rometers is necessary. One drive system each has been employed for the x-axis
and for the y-axis. The drive system of the z-axis consists of four individual drives,
each of which is controlled individually. In this way, an influence also on the roll
and pitch angles can be exerted. The uncertainty of the closed-loop control of
these angles was determined to be < 0.05 arcsec.

The plane mirror interferometers of SIOS Messtechnik GmbH were improved
to 0.1 nm resolution and upgraded with a symmetrical and thermally stable
arrangement.

4.3 Uncertainty Budget

The next step was to estimate the uncertainty of the NPM machine. The contri-

bution factors considered are described below:

+ Wavelength of frequency stabilized He—Ne-Lasers

+ Offset, amplitude, and phase deviations of analog interference
signals (cyclic error)

 Quantization and rounding errors during demodulation of
interference signals

« Uncertainty of reference coordinate system of the corner mirror

+ Uncertainty of calculated refractive index of air

+ Thermal expansion of metrology frame, interferometers and
probe system

+ Uncertainty of length by angular errors (Abbe offset and cosine
€rTors)

Several measurement uncertainties have independent causes and can be sum-
marized into a combined uncertainty of measurement:

The combined uncertainty (without probe system) is 8 to 10 nm at the end of the
measurement range.

The measurement arrangement is direct traceable to the laser wavelength of a
stabilized He-Ne laser. Furthermore, the stabilized lasers of the NPM machine
are attached to an iodine stabilized He—Ne laser in our institute, which is again
attached to an iodine stabilized laser at the Physikalisch-Technische Bundesan-
stalt (PTB) Braunschweig by beat frequency measurement.



4.4 Focus Sensor

position in nm

Fig. 4.6 Nanometer steps of
the NPM machine. time in &

The ability of the NPM machine to carry out nanometer steps was tested in all
three axes (cf. Figure 4.6). The positioning noise in closed-loop operation is
around 0.3 nm.

4.4
Focus Sensor

The most various sensor types can be used for scanning the samples. Compared
with the mechanical scanning — for example by means of scanning force sensors
— optical scanning presents several advantages. Therefore, an optical scanning
sensor based on the autofocusing principle has been developed and integrated
into the NPM machine.

The central part of the sensor is a so-called hologram laser unit (cf. Figure 4.7).
It is comprised of a semiconductor laser diode (650 nm), the photodiodes for
focusing error detection, and their pre-amplifiers. A small hologram arranged

Fig. 4.7 Hologram Laser Unit.
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CCD-Camera

Focus lens

I
Collimator
Beam splitter _g
Collimator - Light source

Hologram-Laser-Unit 4
4

l : Focus lens

Surface = Fig. 4.8 Setup of focus sensor.

directly in front of the laser unit fulfills certain functions such as beam splitting,
dividing and deflection. This multifunctional element has made the extreme min-
iaturization of the sensor possible.

The structure of the entire focus sensor is shown in Figure 4.8. The lateral
resolution is about 0.8 um. This is 30% better than conventional autofocus
systems. The resolution depends on the laser wavelength and the focal aperture
of the probe.

To be able to see the point of the optical scanning on the surface of the sample,
the focus sensor has been combined with a CCD camera microscope, which
allows the user to spot interesting regions on the sample surface and to find
them repeatedly in a very comfortable manner.

The optical system has been dimensioned such that a measuring range of about
+ 10 um is achieved. Thus, a resolution of the zero point of < 1 nm is made pos-
sible by the AD converter used.

The realized focus sensor (without microscope) is shown in Figure. 4.9, and the
NPM machine with integrated focus sensor can be seen in Figure 4.10. The focus
sensor is below the cover plate of the NPM machine and the microscope is above.
The camera illumination is fed from an LED via optical fibrers so as to keep the
heat penetration into the measuring machine minimal. The characteristics of the
focus probe can be calibrated at any time using the laser interferometer of the
NPM machine.

Five step-height standards from 7 nm to 780 nm were measured with the NPM
machine in combination with the focus probe. The step-height standards have
been calibrated at the PTB with an expanded uncertainty between 1 nm and
3.5 nm. The difference between the mean value measured by the PTB and our
own results was less than # 1.3 nm.
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Fig. 4.9 Focus probe. Fig. 410 NPM machine with focus probe.

Table 4.1 Comparison of step height measurements

Sample PTB result TUI result Difference
H/(nm) uf/(nm) H/(nm) uf(nm) AH/(nm)

C26R18 74 1 7.8 0,7 0,4
C18R18 21,2 1,1 22,1 0,8 0,9
C17R27 69,1 1,2 68,4 0,8 -0,7
C19R26 294,2 2 294,7 1,1 0,5
C12R01 778,4 3,5 777,1 2 -1,3

4.5

Measuring Opportunities and Performance with Focus Sensor

The achievable scanning speed is of special interest with regard to large area
scans. Scans with a velocity up to 500 um/s have been carried out, without an ob-
servable increase of measurement uncertainty, which was about 0.8 nm. This pro-
vides the NPM machine with a large lateral scanning and measurement range of
25 X 25 mm?” and a measurement height up to 5 mm with a resolution of 0.1 nm.

A large-area scan of a section of a rod lens in an area of 4 X 2 mm? with 160 000
data points was taken in 5 min (cf. Figure 4.11).

The focal probe has proven to be versatile in its opportunities for use. Different
samples with varying geometric properties can be measured, for example, micro-
lens arrays (cf. Figure 4.12), hardness indentations (cf. Figure 4.13) or harmonic
drive gears (cf. Figure 4.14).

However, the lateral resolution is limited due to the spot size of the laser and
diffraction effects.
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Fig. 411 Large area scan of a rod lens.
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Fig. 412 Microlens array 1 X 1 mm?%
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Fig. 413 Hardness indentation.
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Fig. 414 Harmonic drive gear.
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4.6
Focus Probe with SFM Cantilever

To improve the lateral resolution, a cantilever mount for the focus probe was de-
signed. Therefore, the probe acts as a scanning force sensor. Due to an integrated
piezotranslator, measurements in tapping mode as well as in contact mode are
possible.

The 780 nm step height standard was measured once more (cf. Figure 4.15). An
extended uncertainty of 0.4 nm (k = 2) was achieved. The deviation between the
calibrated value by PTB and our own result was 0.64 nm. The scanning speed in
tapping mode was 10 um/s. Further improvements and the realization of accurate
pitch measurements are among various planned investigations.

The opportunities of combination of several scanning force mircroscopes with
the NPM machine such as large-area scanning without stitching (cf. Chapter 5) or
high precision pitch and nanoroughness measurements (cf. Chapter 6) are also
the object of further investigation in other research facilities.

......... R \ 2 E
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Fig. 415 Scan of a step height standard with SFM sensor.

4.7
Conclusion

In this document, an overview of a nanopositioning and nanomeasuring machine
with a measurement range of 25 mm X 25 mm X 5 mm and a resolution of
0.1 nm in all measurement axes has been presented. The laser-interferometric
measurement is free from Abbe errors of first order in all the three coordinates.

In combination with a focus probe, high-speed scanning up to 2 mm/s with
uncertainties below 1 nm is possible. For scanning force microscopy the focus
probe was supplemented with an SFM cantilever. Extended uncertainty of less
than 1 nm was achieved in step height measurements.
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Coordinate Measurements in Microsystems

by Using AFM-Probing: Problems and Solutions
Dorothee Hiiser, Ralph Petersen, and Hendrik Rothe

Abstract

Facing the ongoing miniaturization in all fields of research, coordinate metrology
needs alternative ways of positioning, probing, and measurement strategies. An
instrument measuring in two and a half dimensions as any scanning probe mi-
croscope does and as well covering scan sizes of several millimeters without the
necessity of stitching has been realized. A successful measurement of an area of
1000 um X 100 um on an electronics structure has been carried out with the pro-
totype of the positioning system as presented in Manske et al.” in combination
with an atomic force microscope (AFM) head. Before an AFM head could be
mounted onto the positioning system, the dynamic behavior of the system had
been investigated. Measurements had been carried out, and in order to gain a dee-
per understanding simulations were performed in cooperation with the Institute
for Mechatronics, Chemnitz.

5.1
Introduction

Traditional coordinate metrology has been developed in the field of production
engineering concerning large engines. Work pieces of several ten or hundred
millimeters are to be measured with a resolution of 1 or 10 um. They are to be
measure in full three dimensions. A direct miniaturization of those are instru-
ments that use ball probes with diameters of 50 um up to 100 um. Such a probing
sphere may either be fixed to a rigid silicon stylus [1-3], or connected to a fiber

1) Manske, R. Mastylo, T. Hausotte, N. Hof- 2nd Seminar on Nanoscale Calibration Stan-
mann, and G. Jiger, Advances in traceable dards and Methods: Dimensional Measurements
nanometrology with the nanopositioning and in the Micro- and Nanometer Range, edited by
nanomeasuring machine, in Proceedings of the K. Hasche, W. Mirand¢, and G. Wilkening
6th Seminar on Quantitative Microscopy and (Braunschweig 2004).

Nanoscale Calibration Standards and Methods: Dimensional and Related Measurements in the Micro- and Nanometer Range.
Edited by Gunter Wilkening, Ludger Koenders Copyright (© 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
ISBN: 3-527-40502-X



5.2 Realizing CMMs for Microsystems

serving as wave guide to illuminate the sphere [4—-6]. In the case of the rigid
stylus, the deflection of that stylus is detected via a membrane. The alternative
is detecting the sphere position with a camera system.

Many electronics systems and microsystems are produced in lithographic pro-
cesses, therefore having two and a half dimensions. Their lateral size extends up
to several millimeters with structure widths on the order of a hundred or several
hundred nanometers. The vertical structures are not larger than a few micro-
meters and usually have heights of around 50 nm, 100 nm, or 250 nm. These
are the objects typically inspected by optical systems working in the far field or
in the case of investigating small areas in the near field by scanning probe micro-
scopes, in particular tunneling, or atomic force microscopes. Nowadays a lot of
work is being done with good success concentrating on the development for
atomic force microscopy and as well on transducer development. The progress
is very much pushed by microelectronics industry in the case of AFM and by
mass storage system and wafer stepper industry in the case of transducers. The
development in these fields promotes the development of CMMs of the micro-
scopic world. There are two coordinate measuring machines worldwide covering
a lateral measuring range of about 20 mm X 20 mm, resolving positions with
1.25 nm, showing a positioning uncertainty of a few ten nanometers without
the necessity of stitching scans together. One of the CMMs has been developed
in the USA in collaboration the University of North Carolina in Charlotte with
the Massachusetts Institute of Technology MIT in Boston [8]. The other one is
the German instrument presented in this chapter combining two OEM systems,
a positioning system, and an atomic force microscope as probing system. The
intention of the authors was to focus on measurement and calibration strategies
rather than hardware development.

5.2
Realizing CMMs for Microsystems

The CMM regarded in this chapter employs a positioning system called Nanopo-
sitioning and Nanomeasuring Machine NMM. It has been developed in [lmenau
in cooperation of the University of Ilmenau and the company SIOS Messtechnik
GmbH. The probe of the CMM is an AFM head developed by Surface Imaging
Systems SIS GmbH, a company in Herzogenrath. The combination of these
two systems has successfully been carried out after specific modifications have
been made by the manufactures to prepare their systems for a CMM application
(see Figures 5.1 and (5.2)).

The reason for choosing a modified Ultra-Objectiv of SIS is the fact that this
AFM is a small, compact probing head. The Ultra-ObjectivE is as small as the
lens system of a common optical microscope onto which it can easily be mounted.
In order to be able to align the sample in the case of commercial Ultra-Objectives
a lens system of the microscope’s revolver is used and afterward the revolver is
switched to the AFM head. For the CMM application SIS modified their AFM
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/ \ cantilever

beam of laser of interferometer

optical system to monitor sample

Fig. 5.1 An atomic microscope as probe head manufactured by Surface Imaging Systems SIS
GmbH.

AFM-head
and its

connection
to the NMM

Fig. 5.2 The CMM for microsytems with a positioning system called Nanopositioning and
Nanomeasuring Machine NMM developed in limenau and the AFM head as probe.

in cooperation with Prizisionsoptik Gera GmbH, including a lens and camera
system. This system has a cylindrical shape. It has a diameter of 35 mm and a
length of approximately 120 mm. This AFM head includes no scanner for any lat-
eral positioning since this job is done by the NMM. Its vertical axis is realized by a
stack piezo driving up to 15 um. The cantilever deflection is measured with a fiber
optical laser interferometer.



5.2 Realizing CMMs for Microsystems

The Ilmenau NMM is a universal ultra precision positioning stage designed for
measuring and machining, i.e. one can mount a probe head to investigate a sam-
ple or one can mount a tool to perform manufacturing processes on a microsys-
tem as work piece [8]. The advantage of the Ilmenau system is its kinematic
design. By adjusting the probing point well the system measures without Abbe
error. The NMM'’s control features were originally designed for singlepoint prob-
ing where the stage has to move quickly to a desired position without data taking,
then slowly and precisely approaching the exact position and reading out the
interferometer values. To prepare the system for the AFM head application the
[Imenau manufacturers included scanning features. Atomic force microscopes
operate in a closed feedback loop after the sample and tip have been brought
to the desired distance. The AFM control system drives the AFM piezo actuator
following the topography of the sample such that either the tip deflection (in
the case of contact mode) or the cantilever amplitude (in the case of oscillating
mode) is kept constant. A scanner laterally moves either the sample or the tip
with constant velocity and the elongation values of the piezo actuator are recorded
as height distribution of the scanned profile.

The CMM application has been realized such that the vertical axis of the NMM
is used to approach the sample to the tip until the AFM can operate in its feed-
back mode. For scanning, only the lateral axes of the NMM are involved and the
vertical axis is supposed to keep its position constant. There are two reasons for
not including the vertical NMM axis into the AFM feedback loop but using a
piezo actuator, which has to carry nothing else than the cantilever and its tiny
adapter piece. The vertical NMM axis is realized by four voice coils lifting a zer-
odur table of 800 g. Its movement is controlled via two sensors monitoring tilt
errors and three position sensing interferometers. Since it is the third link of
the kinematic chain, the zerodur table movement is influenced by the whole sys-
tem. The piezo actuator, however, concentrates on just moving the cantilever to
compensate for its deflection respectively its changing amplitude. It has far less
weight and is not integrated in the complex control system of the whole position-
ing task of all slides. Therefore the piezo is able to react immediately. The second
reason is that the positioning system and the AFM system are two independent
products. The most simple interface then is to acquire a final probe head signal,
which is the one proportional to the elongation of the piezo. This signal is fed to
the DSP of the NMM. The DSP then reads out the AFM as well as the NMM sen-
sors according to its internal triggering. All values are finally acquired by a data-
taking computer via USB. The data-taking software is the NMM-CNC software
manufactured by Zentrum fir Bild- und Signalverarbeitung e.V. Ilmenau. The
second reason that is based on the independent OEM products could easily be
overcome by making a cooperation between manufacturers. Still the reason
mentioned first has to be considered thoroughly.
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5.3
Problems and Solutions

There are two principal problems accompanying the task to perform coordinate
metrology on microsystems:
+ the dynamic behavior of the whole system;
+ the amount of data coming up with very large scans and high
resolution.

The features playing the central role with regard to system dynamics are the
shape of the acceleration trajectory and the choice of the controller parameters.
To get an idea of the amount of data that can arise a scanned area of 1 mm X
0.1 mm and a scanning interval of 100 nm shall be regarded. This yields
10000 X 1000 = 10’ sampling points. If four coordinates, three of the NMM
and one of the AFM, are recorded with 8 byte data resolution and if each scan
line is taken in trace and retrace, then more than 610 MB have to be stored.

At first, theoretical evaluations in the form of computer simulations had been
carried out to better understand which dynamical behavior can be expected from
the positioning system moving masses of up to 4 kg. Before operating the posi-
tioning device with the AFM, experiments had been carried out to see the
NMM performance using various acceleration limits and velocities [9]. Also the
AFM was tested on a separate stage using a two-axis piezo translator to move
the sample. The NMM and AFM have then been combined with interactively giv-
ing the commands to move the table in small steps in order to make a tip
approach and thereafter measuring with scanning speeds of 80-100 um/s. As
first successful measurement of an area larger than a standard AFM can make
it possible, an area of 200 um X 200 wm was scanned [10]. An area of 1 mm
X 0.1 mm with 100 nm step width has been scanned within 12 h [11]. Strategies
have been designed to handle sample sizes of several millimeters and to investi-
gate structures in steps of a few nanometers by selecting different regions with
appropriate resolutions.

5.3.1
Dynamics of Positioning System

In principle, the dynamics may be described with mechanical differential equa-
tions, with differential equations representing the electrical part according to
Kirchhoff’s law and the equation representing the controller system. Approximat-
ing roughly the system with point masses, one can write

Px(t)  0x(b)
" on Tk ot

+ cx(t) = kmI(2) (5.1)

with m = mass, k = damping factor, ¢ = spring constant for a system obeying
Hooke’s law, and I = coil current. The coupling voice coil is the coupling of the
electrical and mechanical part of the system, with the factor ky being a function
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of the position of the coil with respect to its core, i.e., it is a function of the trans-
ducer position x. In the case of the vertical axis, the slide has to be levitated in the
field of earth’s gravity:

z(t)  0z(t)
ot? T ot

+ cz(t) = kmI(t) — mg (5.2)

Kirchhoff’s law yields

aI(¢) Ox(t)
RI(E) + L=+ k=~ = U() (5.3)
for the transducer and
U = ke A(t) + ki / A(H)ds + ko 8@@ (5.4)

for the controller, which is equivalent to

ou(t) k OA(2)
o ot

PA(t)
ot

+ kiA(t) + kp (5.5)
with R = Ohm's resistance, L = inductance of the coil, U = voltage, A = difference
between the set and actual position and kp, k;, kp for the gain factors of the PID-
controller.

To simulate the positioning system as electromechanical multi body system in
more detail in order to gain an insight into its performance influenced by para-
meters such as the friction of the bearings and the moments of inertia of the
slides a numeric solver for all differential equations and all constraints has
been applied. ALASKA, a software developed by the Institute of Mechatronics,
Chemnitz, has been chosen for the evaluations. The name means advanced
lagrangian solver in kinetic analysis. This software tool does not only carry out
the calculations, but also supports the model design and makes it possible to
export source code of the model equations that can be transfered to other comput-
er systems.

The goal is to optimize the controller parameters of the positioning system
such that no overshooting might damage the tip when a tip approach is made
and that scans are possible with constant velocity and on straight lines. The
gain factors kp, k;, kp shall be optimized by minimizing the error functions e,
e, defined by the difference between the desired and actual position A and the
maximum overshooting:

](kp, k[, kD) = ‘LLOB()(’CP, kl, kD) + /tlel(kp, k[, kD) — min (56)
with u; = weight factors and e; = error functions:

1 /7
eo(kp, ki, kp) = trel[loa¥](| z(T)—z()|) and e (kp, ki, kp) = ?/0 ATA (5.7)
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The model equations exported from ALASKA have been used for the optimization
evaluations on parallel computers at Edinburgh Parallel Computing Centre and at
Helmut Schmidt University Hamburg [12]. Both relevant procedures, the “tip
approach” and the “scanning mode”, have been simulated. Figures 5.3 and 5.4
show the simulation results with the original values of kp, k;, kp in comparison
with the simulated path of the slides with optimized controller gain values.

Besides optimizing gain factors of all controller systems, the system of the
NMM and that of the AFM, the trajectory needs to be chosen in such a way
that position and velocity curves are continuous to avoid high frequency signals
in the system’s response. Figure 5.5 shows the trajectories in principle as well as
the resulting position curve at the border of a scan line deviating from an ideal
straight line. Since the NMM records the positions very precisely with a resolu-
tion of 1.25 nm the correct geometric information has to be included in data
analysis.
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Fig. 5.4 Simulation of a scan before and after optimization of controller parameters.
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Fig. 5.5 Left: Trajectories in principle; right: position curve at the border of a scan line.

5.3.2
CMM: One-Millimeter Scan

Experiences with common commercial AFM performance have been helpful for
bringing the CMM with AFM head to operation. In particular, experiences with
the controller parameters, which are adjusted online for each sample resp.
scan, have been fruitful for the development of the CMM. The criterion the
user looks at is to compare trace and retrace of the same scan line. The profiles
have to be the same. The adjustment does not only involve the controller gain fac-
tors but also the cantilever amplitude resp. deflection set point and the scanning
speed. The feedback loop system very sensitively reacts at too high scanning
speeds by causing instabilities. Velocities of around 50-200 um/s, depending
on the profile structure, give a safe, stable measurement. Up to 1000 pm/s
might as well be possible. For scanning an area of 1 mm X 0.1 mm with the
coordinate measuring machine for microsystems following limits of velocity,
acceleration, and jerk were set for the trajectory generation [13]:

Vmax = 100 Ml’l’l/S,
Gmax = 100 Mm/sz ’

Jmax = 1000 um/s3.

The whole procedure took 12 h. The CMM has been isolated from oscillations of
the building and other environmental influences by placing it on a table standing
on passive pneumatically isolating cylinders and placing it in an acoustically iso-
lating box. The advantage of this box is that it does not only isolate sound but also
the air flow from air conditioning. On the other hand, it as well isolates tempera-
ture so that the electronics and the motors inside heat up the system. After 12 h
running temperature increased by 3 K. A known problem even with commercial
well-tested AFMs and with measurements of around half an hour are controller
instabilities that may cause bankrupt scan lines. This has also been the case with-

0 um 1w
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Fig. 5.6 The worldwide first 1-mm scan without stitching; with area: 1000 um X 100 pum,
sampling interval: 0.1 um, duration of measurement: 12 h.

in the 12 h run. It may be stated that none of the instabilities increased such that
the measurement had to be stopped and that the vast majority of data taken till
the very end precisely show the topography of the sample and that the whole mea-
surement could be successfully analyzed. Figures 5.6 and 5.7 show the whole
scan. The tremendous lateral resolution of course cannot be made visible when
displaying the scan in total. Therefore certain areas may be zoomed in to view
them with different levels of detail. In particular, those data are selected that
are used for further processing, such as edge detection, contour tracking, and geo-
metry fitting [14]. Figure 5.8 shows cross sections of selected structures of the 1-
mm scan to which edge finding algorithms may well be applied.

533
Measuring Strategies

Measuring strategies have to be designed with view to the results that are aimed
at. In coordinate metrology the desired results are geometry parameters of the
structures to be examined. In the case of, for instance, lithographically manufac-
tured structures the geometrical shapes are two dimensional. They are mainly cir-
cles, elliptic bows, or straight lines for bars or polygons. The contours defining
these shapes arise from edges separating two different height levels of, for exam-
ple, silicon or chromium structures. Therefore data have to be taken in such a way
that contours can be followed. To find one contour point a line perpendicular to
the contour has to be scanned to which an edge detection algorithm can be
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Fig. 5.8 Cross sections of selected structures of the 1-mm scan.
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applied. Small structures may therefore be selected and scanned in a squared area
with a grid of equidistant data points. This is exactly the procedure any scanning
probe microscope performs. The decisive difference, however, is the ability of se-
lecting a variety of such areas without any overlap and stitching, because the
CMM keeps the metrologically correct relative positions of all areas. All scans
are carried out within the same metrological frame. Furthermore, single straight
lines that are much longer than 70-100 wm, which are common for piezo scan-
ners of SPM, may easily be scanned with a CMM. One may, for example, inves-
tigate long bars on a structure by choosing several cross sections to obtain a set of
contour points approximating the bar as indicated in Figure 5.9. Scanning across
one bar each cross section yields two edges resulting in two contour points. One
cross section represents a scan line with a sampling interval of a few nanometers,
whereas the distance between such scan lines may be a tenth of a micrometer or
even several micrometers.

Besides geometrical dimensions, roughness parameters of an object may as
well be the focus of interest. So two-dimensional rms values may be evaluated
from area scans or one-dimensional from single scan lines after considering
the appropriate bandwidth [15-17]. Roughness as surface characterizing para-
meter very sensitively reacts on contamination, surface figures such as bows or
waviness, and on measurement artifacts due to controller or piezo instabilities.
The larger the chosen area the greater the contribution of surface figure. If
data are not taken in sufficiently high resolution the measurement acts as low
pass filter. The resolution is of greater importance if roughness parameters are
regarded that do not just use the height values but also their dependence on

to obtain geometry parameters:

area scans... ... single scan lines

area scan for roughness
Fig. 5.9 Selecting specific areas or scan lines on a large structure with appropriate lateral
resolutions.
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the lateral position. Roughness parameters including the height distributions as a
function of the lateral position are covariant and fractal in dimension.

Well-designed measuring strategies shall deliver a data set with all numbers
necessary to process the desired parameters and no flood of redundant data
just filling mass storage systems.

5.4
Conclusion and Outlook

This chapter has shown that it is possible to realize a coordinate measuring ma-
chine with an AFM for probing to scan along a millimeter with a step width of
hundred nanometers. Problems with controlling the positioning slides as well
as the probing AFM system have been discussed. They have been overcome by
selecting the controller gain factors appropriately and in particular by taking
care of scanning slow enough to give the AFM controller the chance to follow
and fast enough to finish the measurement in a realistic time interval. Not
only the scanning speed but also the acceleration and jerk have been limited
such that the scan could be performed with sufficiently straight and stable scan
lines. Finally, it has been pointed out that the choice of measurement strategies
determines whether the data stream is manageable in a reasonable manner.
The successful realization of a prototype in a laboratory gives a promising view
to CMMs for industry. Industrial application then demands for further develop-
ments of
- a sample holder,
+ a safe and stable procedure for tip approach,
- user friendly CNC programming, and
« a data acquisition with checking of erroneous scanning.

The CNC software provided with the Ilmenau NMM is a comfortable script lan-
guage enabling the user to control various probing, driving, and scanning proce-
dures of the universal device that can employ all kinds of probe heads or machin-
ing tools. An industrial CNC programming for a CMM with AFM head will be
specialized on that task. It will include the control of the AFM as well as the posi-
tioner in such a way that routine work may be carried out with it. Processes such
as setting controller gain factors, performing a tip approach and changing a tip
will be supported and automated by software and hardware. Safety mechanisms
that protect the systems from damage are needed. Soon probing facilities will be a
means for easily inspecting microsystems and electronics chips.
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Metrological Large Range Scanning Force Microscope
Applicable for Traceable Calibration of Surface Textures

Gaoliang Dai, Frank Pohlenz, Hans-Ulrich Danzebrink, Min Xu, Klaus Hasche,
Giinter Wilkening

Abstract

PTB has set up a metrological large range scanning force microscope (LR-SFM)
aiming for versatile traceable calibration of surface textures. The instrument is
designed based on scanning sample principle with a fixed SFM head presently
working in contact mode. Several special design aspects are carefully implemen-
ted in this instrument in order to enhance its performance: (1) A dual-stage po-
sitioning system is designed to scan samples. This dual-stage system consists of a
stacked ball bearing mechanical stage, referred to as a nano measuring machine
(NMM), and a compact z-axis piezoelectric positioning stage (compact z-stage).
During measurements the compact z-stage, with its high mechanical resonance
frequency (> 20 kHz), is responsible for the rapid motion while the NMM simul-
taneously makes slower movements over a larger motion range. In such a way,
the LR-SFM can make measurements with both a high measurement speed
(up to 50 um/s) and a large measurement volume (25 mm X 25 mm X 5 mm
along the x-, y-, and z-directions). (2) The design obeys the Abbe principle. The
Abbe error, which is a dominant error source in most precision dimensional mea-
surement instruments, is reduced to a minimum. (3) The direct traceability of the
instrument is achieved by using interferometric position measurements. (4) Flex-
ible measurement strategies are implemented in the software and hardware. The
LR-SFM is able to perform large area imaging or profile scanning directly without
stitching small scanned images. Selected measurement results obtained on a 2D
grating and on a microroughness standard are presented.

Nanoscale Calibration Standards and Methods: Dimensional and Related Measurements in the Micro- and Nanometer Range.
Edited by Gunter Wilkening, Ludger Koenders Copyright (© 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
ISBN: 3-527-40502-X
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6 Metrological Large Range Scanning Force Microscope

6.1
Introduction

Scanning probe techniques have been rapidly developed since the invention of the
scanning tunneling microscope in 1982 and the scanning force microscope
(SFM) in 1986. At present, a large family of scanning probe microscopes
(SPMs) is widely used for measuring surface textures. Compared to stylus and op-
tical methods, the advantage of SPMs is that they are able to measure surfaces
with both a very high vertical resolution (down to sub nanometer) and a high
lateral resolution (<10 nm). In contrast, optical methods have limited lateral re-
solution due to the diffraction limit of light, whereas stylus methods have limited
spatial resolution due to the large radius of the stylus tip (typically 2-5 um).
Additionally, scanning force microscopy methods are able to measure surfaces
in a number of modes: contact, intermittent-contact, and noncontact. The force
between the tip and the sample is low during the SFM measurement and, even
in contact mode, reaches only a few nano-Newtons. This fact prevents scratching
of the measured surface during SFM scanning procedure. In contrast, stylus pro-
filers may cause scratches on soft material surfaces.

In the field of SPM techniques, some important aspects need further studies:
« The calibration of SPMs. Presently, most SPMs use capacitive

sensors, linear variable differential transducers (LVDT), or strain

gauges as position sensors [1]. These sensors have to be calibrated

before they are capable of providing metrological values. This fact

also holds true for other kinds of topography measurement

instruments where the results cannot be traced directly to the

meter definition, e.g., stylus profilers using either capacitive or

inductive sensors as position sensors. For calibration purpose,

some metrological SPMs are set up in some national metrology

institutes worldwide [2—8]. They feature optical interferometers

and thus enable their measurement results to be traced to the

meter definition. These state-of-the-art metrological SPMs are

able to measure micro- and nanostructures with nanometer or

even subnanometer uncertainties. They make it possible to

deliver precisely calibrated step-height and lateral standards for

the subsequent calibration of other topography measurement

instruments.
* The limited scan speed. Currently available SPMs have a relatively

slow scan speed (typically <20 um/s), far less than that of stylus

profilometers or optical methods. The bottlenecks are the limited

dynamic properties of the servo control (especially along the

z-axis) and the SFM tip wear.
+ The limited scanning range, typically < 100 um. This fact, which

is mainly due to the mechanical structure of scanners and the

properties of the piezoactuators, has limited the further applica-

tion of SPMs, e. g., in the field of roughness measurements.



6.2 Instrumentation

In order to expand the capabilities and applications of SFMs, the PTB has devel-
oped a new metrological large range scanning force microscope (LR-SFM). The
instrument is capable of a measurement volume of 25 mm X 25 mm X 5 mm
(x, y, and z). This chapter introduces the instrumentation as well as some selected
measurement results in detail.

6.2
Instrumentation

6.2.1
Principle

The principle sketch of the LR-SFM is shown in Figure 6.1. It is a scanning sam-
ple system with a fixed SFM head working in contact mode. Unlike other com-
mercial SFMs where a flexure-hinge stage is often used for moving samples,
the LR-SFM described here moves samples using a novel dual-stage positioning
system. This dual-stage system consists of a stacked ball bearing mechanical
stage, referred to as a nano measuring machine (NMM) [9, 10], with a motion
range of 25 mm X 25 mm X 5 mm along the x-, y-, and z-axes, and a compact
z-axis piezoelectric positioning stage (compact z-stage) [11] with an extension
range of 2 um. The sample is magnetically coupled to the compact z-stage,
which is in turn mechanically fixed on the NMM.

During operation, the sample is laterally scanned solely by the NMM. In the
z-direction the sample is moved to keep the bending of the SFM cantilever at a
constant value. Topographical information can thus be derived from the mea-
sured z-position of the sample. As one important feature of the instrument, the
z-motion of the sample is achieved as a combined motion of the compact z-stage
and the NMM by using a dual layer controller. This dual layer controller consists
of a fast and a slow servo controller. The fast controller keeps the bending of the
SFM cantilever at the constant set point value (S, in Figure 6.1) by moving the
sample along the z-axis using the compact z-stage. The application of this fast
servo control loop is aimed at enhancing the measurement speed, as the compact
z-stage is specially designed and has a high mechanical resonance frequency larger
than 20 kHz. The extension of the compact stage is measured by a capacitive sensor
embedded in it. This extension of the compact z-stage is compared to a defined
home position (S; in Figure 6.1) and yields a NMM motion target signal (S; in
Figure 6.1). The S; signal is handled by the slow servo controller executed in the
NMM controller to move the whole compact stage together with the sample
along the z-axis. This slow servo controller is used to enlarge the measurement
range, as the total motion of the sample is the sum of the motions from both
the NMM and the compact z-stage. Since both servo controllers are executed in par-
allel, the slow servo controller will not limit the dynamic performance of the overall
system. Therefore, by using this dual layer controller, both a large measurement
range and a high measurement speed can be achieved. High scanning speeds
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Fig. 6.1 The schematic diagram of the LR-SFM. The labels are defined as follows: OD, optical
detector for measuring the bending of the cantilever; Pre-Amp, preamplifier for the electronic
signal from the OD; ADC, analog to digital converter; DAC, digital to analog converter; HV-Amp,
high voltage amplifier; CSSP, capacitive sensor signal processing unit; z-PPS, compact z-axis
piezo positioning stage; S, the set point value of the cantilever bending; S, the target home
position of the PPS; S,, emergency signal to stop the NMM motion; S, the motion target of the
NMM in the z-axis; S,, commands, data, and configurations.

would not be possible if the NMM were operated alone due to its low resonance
frequency, and the measurement range would be limited if only the compact z-
stage were used for the motion along the z-axis due to its limited extension range.

The measurement setup is enclosed within an acoustic isolating box and placed
on a vibration isolation table to attenuate vibrations from the ground and acoustic
noise generated by external sources. Where possible, heat sources of the instru-
ment are placed outside the acoustic isolating box to reduce the temperature
increase inside the box. The complete instrument is located in a segment of
the PTB’s clean-room center. Its big advantage is the excellent temperature stabi-
lity (better than +0.1 K) and cleanliness, therefore avoiding dust particle contam-
ination of the measured sample.

6.2.2
Metrological Properties

The metrology related components of the instrument are depicted in Figures 6.2
and 6.3. As shown in Figure 6.2, the x-, y-, and z-coordinates of the motion stage
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Fig. 6.2 The metrological principle of the NMM. For clarity the mechanical stages are omitted.
The figure illustrates that the detection point of the detector coincides with the intersection
point of three interferometer measurement beams orientated in the x, y, and z directions.
This arrangement reduces the Abbe error to a minimum.

of the NMM are measured directly by three planar interferometers mounted on a
Zerodur frame with a resolution of 0.08 nm and a noise level of 0.3 nm (RMS
value, at the bandwidth of 6.25 kHz). The SFM probe point coincides with the
intersection point of the three interferometer measurement beams orientated
in the x-, y-, and z-directions. This arrangement reduces the Abbe error to a mini-
mum.

The capacitive sensor located in the center of the compact z-stage is shown in
Figure 6.3 [11]. This capacitive sensor measures the gap between the moving and
the fixed part of the compact z-stage with subnanometer resolution. The impor-
tant advantages of the z-stage are its compact size, the small mass, and the
good dynamic performance. Since it has only 30 mm in diameter and 8 mm in
thickness its mass is minimized to about 40 g. Therefore, when combined with
the NMM the additional mass is small and the original dynamic performance

PZT actuators

Fig. 6.3 The inner structure of the compact
z-axis piezoelectric positioning stage.

It consists of three parallel piezoelectric Cﬁp&C't'Ve

transducers located symmetrically around a

central capacitive sensor. sensor
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of the NMM is maintained. Furthermore, because of the high stiffness of the
PZTs, the small mass of the moving part and the carefully designed preload struc-
ture, the stage has a mechanical resonance frequency above 20 kHz. It should
also be mentioned here that in the z-stage only one voltage value is applied to
the three parallel PZTs. It is possible that this may cause unwanted jaw, pitch,
and roll angle errors due to small physical differences between the three PZTs.
However, these tilting angles are expected to be less than 0.2” and no problems
have been observed during our measurements so far. If required, the unwanted
angle tilt can be compensated by applying different voltages to each PZT.

6.2.3
Traceability

The three He—Ne lasers used in the interferometers of the NMM are frequency-
stabilized and have a frequency stability of better than 2 X 107® (calibrated by an
iodine-stabilized laser). The interferometers operate in air. The refractive index of
air is calculated and subsequently compensated in real time using Edlen’s formu-
la by measuring the air temperature, pressure, and humidity. In such a way, the
measurement result of the NMM is directly traceable to the meter definition.

Because the sample is moved simultaneously along the z-axis by the rapid mo-
tion of the compact z-stage together with the relatively slow motion of the NMM
during the measurement, topographic information must be derived from both the
motion of the NMM in the z-direction and the extension of the compact z-stage.
Although the motion of the NMM along the z-axis is measured traceably by inter-
ferometers, the extension of the compact z-stage is measured “only” by the
embedded capacitive sensor. Therefore, to achieve traceable topographic measure-
ments, the capacitive sensor in the compact z-stage has to be calibrated in
advance.

For this purpose, an automatic procedure has been implemented to calibrate
the capacitive sensor against the z-axis interferometer of the NMM in situ:
After approaching the tip toward the sample, the fast servo loop is activated in
the DSP so that bending of the cantilever is kept constant by the compact z-
stage; the sample is then moved in the z-direction by the NMM by about 2 um
while keeping its x-, y-position unchanged; therefore, a fixed point on the sample
is measured by the AFM tip and the sum value of the z-axis interferometer and
the capacitive sensor should be constant. By recording simultaneously the value
of the z-axis interferometer and the capacitive sensor, the capacitive sensor can
be calibrated. This automatic calibration procedure does not need any other addi-
tional devices or changes in the experimental setup and can be executed easily
within the software by a one-button click. As an example, one calibration result
is given in Figure 6.4. The measurement bandwidth is 6.25 kHz. The nonlinear
response of the interferometer (about 2 nm p-v) and the capacitive sensor, in
addition to the overall noise of the system, contributes to the observed deviation
from linearity.



6.2 Instrumentation

E 200 . . : 8
S o[ k=-1934mv z
o " - 16 E
4T} - | " i =
g 200 ~JN >
S -400 14 @
= @
® -600 E
E [ 12

= -800 E
% -1000 16
N 1200 | 2
5 k=
o -1400+ ~ 123
= ; a
S -1600f : ; . ;

0 2 4 6 8 10
\oltage output of capacitive sensor (V)

Fig. 6.4 Measurement data showing the calibration of the capacitive sensor embedded in the
compact z-stage against the z-axis interferometer of the NMM. The calculated coefficient

k = -193.4 nm/V is very close to the design value (-200 nm/V). The nonlinear response of the
interferometer (about 2.5 nm p-v) and the capacitive sensor, in addition to the overall noise of
the system, contributes to the observed deviation from linearity.

6.2.4
Specially Designed Features

The LR-SFM was developed with consideration of a set of special features facili-
tating its metrological applications:

a) The LR-SFM is capable of directly performing large area
scanning up to the whole measurement volume without any
stitching procedures. Compared to indirect methods where
the long scanning profile or the large area scanning image is
derived by stitching a series of SFM subimages [12, 13], this
capability of the LR-SFM avoids several difficulties of the
indirect methods: (1) The indirect methods have to deter-
mine some extra information required by the stitching pro-
cedures, e. g., the position information of the conjunction
points between the neighboring images. For this purpose,
either an additional positioning sensor or special software
algorithms are often used. But the limited precision of these
methods will directly influence the quality of the stitched
result. (2) The typical bow shape of the xy plane of SFMs
coupled in each scanned subimage will periodically appear
in the stitched result and cause additional measurement
errors. (3) If the scanned images have a certain overlay area,
possible data conflicts may occur at these overlay areas and
decrease the quality of the stitched result. (4) Since sub-
images are measured at different times, the drift of the
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instrument, especially in the z-axis, will cause shifts at the
border of neighboring profiles or images.

b) The measurement results of the LR-SFM are directly trace-
able to the meter definition by using optical interferometers
for position measurements; whereas for other instruments,
e.g., stylus profilometers, their position sensors must be
calibrated by using a certain step-height or depth-setting
standard. This feature of the LR-SFM avoids the measure-
ment errors derived from both the standards (the uncer-
tainties of the reference values, the quality of the standards,
and so on) and the calibration procedure itself. In addition,
since the calibrations can only be practically carried out on a
limited number of calibration standards with each one
representing one nominal value, probably the nonlinearity
deviation of the position sensors under calibration could not
be well corrected after calibration.

¢) The LR-SFM is able to scan a profile or a measurement area
with a large number of pixels only limited by the size of the
physical memory of the computer. In contrast, most com-
mercial SFMs have a limited number of pixels per scan line,
e.g., 512 or 1024. This feature of the LR-SFM practically
exploits the advantage of the high spatial resolution of SFM
methods. As one can calculate, for scanning a profile with a
length of 5.6 mm and a resolution of 10 nm, 560 001 data
points would be received per scan line.

6.3
Measurement Result of a 2D-Grating Standard

A number of certified standard samples were investigated to characterize the
metrological performance of the LR-SPM. Measurements of flatness standards,
step-height standards, and nanoedge structures are given in an article [14].
Here, a detailed investigation of a 2D-grating standard is illustrated.

One- and two-dimensional gratings with calibrated pitch values are widely used
to calibrate the magnification and to characterize image distortions of all types of
high-resolution microscopes, optical microscopes as well as scanning probe and
scanning electron microscopes.

6.3.1
Measurement Strategy

Following the traditional measurement strategy, gratings are scanned in one large
rectangular area with nearly equidistant pixels. However, when the measurement
area is enlarged in order to obtain a better statistic result, the necessary measure-
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Fig. 6.5 A new measurement strategy is illustrated for measuring 2D gratings in the LR-SFM.
The sample is scanned in three areas: one small square area for viewing structures in detail, and
the other two narrow rectangular areas for calculating the mean pitch and the local pitch var-
iation along the x- and y-axes, respectively. As an example, the marked measurement areas in the
figure are used for measuring a lateral 2D standard.

ment time will be very long and the amount of the data collected will be very
large. To avoid this difficulty, the LR-SFM features the capability of flexible mea-
surement strategies. For measuring the 2D grating, a new measurement strategy
is proposed and used in the LR-SFM, as shown in Figure 6.5.

By using this new measurement strategy, the size of the measurement areas is
largely reduced, consequently the measurement time and the amount of the data
can be reduced to a practically acceptable extent.

After the grating is inserted into the instrument and is coarsely aligned, there
may exist angle deviations between its actual and ideal orientation in the xy, xz,
and yz planes, respectively. These angle deviations may reach a few degrees and
should be carefully reduced or compensated, since they will cause cosine error of
the measurement results.

The angle deviation of the grating in the xy plane is reduced by selecting a
proper fast scanning direction, as being achieved in following steps. (a) The grat-
ing is scanned in the direction along the x-axis. (b) The orientation angle of the
grating in the xy plane is calculated from the shape of the measured profile. (c)
The fast scan direction is set as the orientation of the grating in the xy plane,
which is calculated in step (b). It is not necessary to rotate the grating in the
xy plane for achieving the above-mentioned procedures. Therefore, they can be
easily performed in a few minutes.

The influences of the angle deviations of the grating in the xz and yz planes are
reduced using compensation method in the following three steps: (a) During the
scanning, the measurement data are recorded without applying any kind of line
fit or plan fit to the raw data. (b) After the measurement data have been taken, the
angle deviations of the grating in the xz and yz planes are calculated from the
plan fit result of the measurement data. (c) The orientation deviations calculated
in step (b) are then used for compensating the cosine error during the calculation
of the mean pitch and the local pitch variation.
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6.3.2
Data Evaluation

Of the two narrow rectangular areas measured, one is used for calculating the
mean pitch and local pitch variation along the x-axis and the other for the
y-axis. The data evaluation task of the measurement data of each narrow rectan-
gular area can be regarded as a same task for a one-dimensional grating.

A method based on a combined one-dimensional fast Fourier transformation
(FFT) analysis and one-dimensional Fourier transformation analysis is designed
for evaluating the data. Its schematic diagram is shown in Figure 6.6. The FFT
analysis has the advantage of fast calculation speed; however, it has only a limited
resolution. Therefore, the evaluation method uses FFT analysis for coarsely
searching the approximated frequency (f;) of the grating. The f; is then used as
a starting data for precisely searching the final frequency of the grating using
an iterated Fourier transformation analysis. In such a way, the resolution of the
evaluation method is only determined by the desired smallest frequency step
fres- A very high calculation resolution can be achieved by selecting a small f..
As an example, Figure 6.7 shows a FFT calculation result of a 2D sample (a lateral
2D standard with nominal pitch 1000 nm) for calculating the pitch value along
the x-axis.

Data sats, D FFT analysis for
coarsaly saarching

- the approximated
frequency (fs)
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+
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Fig. 6.6 Schematic diagram of the data evaluation method with combined fast Fourier
transformation (FFT) analysis and Fourier transformation analysis.
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Fig. 6.7 A FFT calculation result of a 2D sample for calculating the pitch value along the x-axis.
A frequency component at fo = 1000 (1/mm) can be seen with the largest amplitude peak in the
spectrum.

6.3.3
Measurement Result of the Mean Pitch Value

A lateral standard (2D grating, Serial No. A00103), produced by means of a holo-
graphic method, was measured using the described measurement and evaluation
method. The calibration surface of the standard has a size of 2 mm X 2 mm. It is
measured within an area with a size of 1.5 mm X 1.5 mm at its center.

Its measured mean pitch value along the x- and y-axes is depicted in Figure
6.8(a) and (b), respectively. Both measurements are repeated more than 10
times (over more than 20 h) and a standard deviation of less than 2 pm is achiev-
ed.

6.3.4
Measurement of the Local Pitch Variation

For the purpose of characterizing lateral image distortions of other topographic
instruments, it is also very important to know the local pitch variation. Although
the optical diffraction method can also measure the pitch value of gratings, it can
only provide a mean pitch value of the measured gratings in a large measurement
area (mm size).
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Fig. 6.8 The measured
mean pitch value (along the
x- and y-axes) of the lateral
standard (Serial No. A00103)
is shown in (a) and (b),
respectively. These measure-
ments are repeated more
than 10 times (over more
than 20 h) and have a
standard deviation of less
than 2 pm.

By using the calculated mean pitch value, the position deviation of individual
structures on the 2D grating can be easily determined by calculating their
phase shift using Fourier transformation. Figure 6.9(a) and (b) depicts the
position deviation of the measured 2D grating along the x- and y-axes, respec-
tively. The results have shown the following: (1) The deviations are less than
10 nm for the investigated measurement range of 1.5 mm. No irregularities
are found. This result indicates the good homogeneity of the grating, which is
manufactured using a holographic method. (2) Twelve repeated measurement
results are depicted in Figure 6.9(a) and (b). The measured deviation of individual
lines coincides well with each other, indicating good repeatability of the measure-

ments.
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Fig. 6.9 The measured position deviation of individual structures on the European lateral
standard (2D grating No. A00103) along the x- and y-axes, respectively. The deviation is less
than 10 nm within the measurement range of 1.5 mm. No irregularities are found, indicating
the good quality of the grating that was made by a holographic method. The figure depicts
12 repeated measurement results. These results also show good repeatability of the measured
deviations.

6.4
A Selected Measurement Result of a Microroughness Standard

Although more and more AFM methods are used for measuring roughness, their
measurement results cannot be compared with and linked to the results achieved
using stylus profilers or interference microscope. This is mainly due to the fact
that commercial AFMs have not the necessary scan range required by standard
evaluation methods. For example, a scan range of 7 X A (A is the cutoff wave-
length, typically selected as 0.08—8 mm) is required for using the evaluation
method ISO 4288 (1996) and phase correct profile filter according to ISO 11562
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(1996). With its large range scanning capability, LR-SFM is a powerful tool for
comparing and linking the roughness measurement results derived by using dif-
ferent methods.

A series of measurements and evaluations have been carried out in following
sequence: (1) A new SFM tip is inserted into the LR-SFM and its geometrical
shape is determined. (2) A flatness standard is measured by the LR-SFM in
order to investigate the noise level of the instrument and its influence on the
roughness measurement results. (3) A microroughness standard is measured
by the LR-SFM with a profile length of 5.6 mm and a pixel distance of 100 nm;
the measurements are repeated several times. (4) The same measurement area of
the microroughness standard is measured by a PTB profilometer (Perthometer
Concept, Mahr company) with a probe radius of 2 um. (5) The profiles measured
by both the LR-SFM and the stylus profilometer are evaluated by the same
method. The roughness parameters are compared and discussed. (6) The SFM
tip's geometrical shape is measured again in order to check the abrasion of the
tip during the whole measurement.

6.4.1
Measurement Result of a Glass Flatness Standard

A PTB flatness standard with an “arithmetical mean deviation” Ra < 1 nm is
measured by the LR-SFM. The derived roughness profile is depicted in Figure
6.10. This roughness profile is evaluated according to ISO 4288 (1996) and ISO
3274 (1996). The calculated Ra and the “average peak to valley height” Rz are
0.58 nm and 4.46 nm, respectively. This result illustrates that the influence of
the overall noise level of the LR-SFM on the Ra value in microroughness mea-
surements is less than 0.6 nm. It is worth mentioning that the dominant noise
component with the amplitude of 2.5 nm (p-v) in Figure 6.10 is mainly caused
by the nonlinearity of the z-axis interferometer of the LR-SFM. A sharp peak in
Figure 6.10 is probably caused by a dust particle contamination.

il
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6.4.2
Measurement of a PTB Microroughness Standard

A PTB microroughness standard (type D1, the standard has repeated structures in
one direction) as shown in Figure 6.11 is measured by using the LR-SFM. The
measurements are repeated 10 times within the measurement area. Figure
6.12(a) shows one of the measured profiles. Repeated roughness structures of
the standard can be clearly discerned. Figure 6.12(b) shows a zoom-in figure
that illustrates the same fractions of two measured profiles P1 and P2 with P1
shifted 500 nm upward. Similar details can be seen in different measured pro-

Fig. 6.11 The photo of the measured
PTB micro roughness standard. Size: 40 mm
(L) X 20 mm (W) X 10 mm (H).
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Fig. 6.12b The measurement results of a microroughness standard. Figure 5(a) shows one
of the measured profiles of a microroughness standard. Fractions of two different measured

profiles at the same location are zoomed in and shown in (b). Curve P1 is shifted 500 nm
upward for clarity.

files. Curve P1 — P2, which is the difference between curves P1 and P2, has
variation amplitude of mostly less than 10 nm, indicating the good measurement
repeatability of the instrument. The derived roughness value will be presented
and compared with that of the stylus method in the next section.

6.4.3
Comparison of the Roughness Measurement Results Derived from SFM and Stylus
Instruments Using Gaussian Filter

For comparison purpose, the same measurement area of the microroughness
standard is measured by a PTB profilometer (Perthometer Concept, Mahr com-
pany) with a nominal probe radius of 2.0 wm. This profilometer has a noise
level of Rz = 7 nm (without A filtering). All measured profiles from both instru-
ments are phase correct filtered at the same 1, = 0.8 mm and 1, = 2.5 um. Figure
6.13 shows the roughness profiles measured by both the stylus instrument and
the SFM instrument. For ease of presentation, the profile data of the stylus meth-
od have been shifted 1000 nm upward. A good agreement in the profiles mea-
sured by the different instruments can be seen in the figure.

However, it can be seen in the marked circles in figure 6.13(b) that the valley
structures of the measured profile determined by the SFM methods are wider
and deeper than that measured by the stylus instrument. This result is caused
by the fact that the radius and size of the SFM tip are much smaller than
those of the stylus tip.
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6.4.4
Comparison Using Morphological Filters

Measured surfaces are dilated results of the real surfaces by sensor tips. They are
closer to the real surfaces when the radii of the sensor tips are smaller, and reach
the real surfaces only when the radii of the sensor tips become zero. In this sense,
the profiles measured by the SFM method can be regarded as much closer to the
real surface than those of the profilometer; and the profiles of the profilometer
can be regarded as the dilated result of the SFM results by the used stylus tip.

In order to achieve a fair comparison between the SFM and the stylus result,
raw profiles of the SFM method are dilated by a radius of 2.0 um (this radius
is selected to be the same as the nominal radius of used stylus tip; the true radius
is not known). Figure 6.14 shows a dilated profile that is compared with the ori-
ginal SFM profile; parts of valley structures (circle marked area in Figure 6.14) are
lost in the dilated profile.

89
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6.4.5

Evaluation Results Using PTB Reference Software

Fig. 6.14 Fractions of dilated
and original SFM profiles are
shown. The original SFM pro-
file is dilated by a ball with a
radius of 2.0 um. The dilated
profile is shifted downward so
as to have a distance of 10 nm
from the original profile for
clarity.

The roughness profiles from stylus profilers, the original SFM profiles and the

dilated SFM profiles are further evaluated by the

PTB reference software,

which is a standard from type F2 according to ISO 5436-2 (2000). The software

calculates roughness parameters according to ISO
(1996), 1SO 11562 (1996), and I1SO 13565-1,2 (1996).
parameters are listed in Table 6.1. The definitions of th
are referred to ISO 4287 (1997).

Table 6.1 The evaluated roughness parameters on profiles measured by the

LR-SFM and the stylus profilometer are given. The data are evaluated according
to ISO 4288 (1996) after phase correct filtering with A, = 0.8 mm and A, = 2.5
um according to 1SO 11562 (1996). D-SFM: the dilated SFM profiles, simula-
ting the profilometer

4287 (1997), ISO 4288
The calculated roughness
ese roughness parameters

Method Rp Rv Rmax Rz Ra
(nm) (nm) (nm) (hm) (nm)

Rq Rt
(nm) (nm)

Stylus 431.9+13.0 760.5+22.8 1366.8+ 41.0 1200.4£60.0 176.9%5.3
SFM 433.6 795.6 1346.8 1229.1 179.2
D-SFM  431.1 789.1 1360.3 1220.3 177.0

222.6+13.0 1366.8+41.0
225.8 1348.8
223.4 1360.3
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Regarding the results in Table 6.1, the following aspects can be discussed:

« The Ra, Rq, and Rp values of the dilated SFM profiles have an
excellent agreement (difference < 1.0 nm) with that of the stylus
profiles. This small difference may be due to the scaling error of
the stylus instrument and the noise of both instruments.

+ Compared to the results evaluated from the original SFM profiles,
the results evaluated from the dilated SFM profiles have a better
agreement with that of the stylus results. This fact coincides well
with the theory, namely that the measured surfaces are dilated
results of the real surfaces by sensor tips.

+ The Rp value of the SFM profile is very close to that of the stylus
profiles, but the Ry value is larger than that of the stylus method.
This result also coincides well with the theory of morphological
filters, namely that a valley structure will be lost if its radius is
less than the radius of the dilation ball whereas peak structures
will always be kept.

+ The Ry value of the dilated SFM profiles still has a difference of
28.6 nm with that of the stylus profiles, although it is closer than
that of original SFM profiles. The reason for this fact is that the
stylus tip is assumed to be an ideal ball with a radius of 2.0 um in
the dilation calculation; however, its real shape has deviations,
e.g., because of its abrasion. More careful investigations are to
be done in future.

6.5
Outlook and Conclusion

We presented a large range scanning force microscope that has been designed to
meet the demands of micro- and nanometrology on samples with up to milli-
meter sizes. The instrument is constructed in such a way that the Abbe error
is minimized. Direct laser interferometric measurements allow for tracing the re-
sult to the meter definition. A dual-stage positioning system including a nano
measuring machine and a compact z-stage is used for both aims-large measure-
ment volume and high measurement speed. Furthermore, a user-friendly instru-
ment interface was designed for flexible and easy operation. Measurement results
of a 2D-grating standard and a microroughness standard have shown the very
good metrological performance of the instrument.

In the near future, comparisons of the metrological LR-SFM with other instru-
ments at PTB will be carried out to further verify the accuracy of the instrument.
Error budgets will be calculated and the instrument will be prepared for calibra-
tion services.

To further improve the capabilities of the instrument various noncontact SFM
modes should be implemented into the system. Other detection options, such as
tuning fork sensors or piezoresistive cantilever sensors, are also considered to be
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implemented into the instrument for a more versatile metrological capability. A
micro probe, designed for the use with a 3D-micro-coordinate measuring ma-
chine will be combined with the instrument to extend the measurement capabil-
ity for dimensional measurements of small parts with sizes of tens of millimeters,
which is of great importance for the application field of precision mechanics, mi-
croelectronic mechanical systems (MEMS), and others. All different types of de-
tection sensors will have identical mechanical, electrical, and software interfaces,
so that they will be easily exchangeable and the instrument could rapidly switch

between different measurement tasks.
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Traceable Probing with an AFM
K. Dirscherl and K. R. Koops

Abstract

The need for fast and accurate inspection of small sample features is eminent
considering the developments in micro and nanotechnology. The atomic force mi-
croscope (AFM) offers extreme resolution and even accuracy when properly cali-
brated (R. Breil et al, Precision Engineering 26 (3) 296-305 (2002)), but the prin-
ciple of operation results in inherently slow acquisition of the measurement data.
At the Van Swinden Laboratorium of the Nederlands Meetinstituut in the Nether-
lands, we have constructed a traceable AFM using a stand alone AFM head, a 3D
translation stage and an accurate 3D laser interferometer system. Nanometer
measurement uncertainty is achieved in the entire scanning volume of 100 um
X 100 wm X 20 um. Apart from providing direct traceability to the SI unit of
length, we have added the possibility of probing the sample in arbitrary positions
in contrast to an AFMs ordinary scanning process. Only the areas of interest are
measured with maximum accuracy in this probing mode while the rest of the sur-
face is ignored. This speeds up the acquisition of relevant data and enables the
use of an AFM as a nanometer coordinate measuring machine. In order to
achieve this freedom of positioning, a new control algorithm is developed that fea-
tures feedforward—feedback control using the information of the laser interferom-
eters. The measurement signals can be sampled at 50 kHz, which ensures control
in real-time. This paper focuses on the key points of the AFM design as well as
the control algorithm and shows first results.

7.1
Introduction

Since the invention of the scanning tunneling microscope (STM) in 1982 [1], an
entire class of scanning probe instrumentation has been developed. The unprece-
dented resolution of these instruments is a result of the extremely small area of
interaction between a tiny probe and the surface under study. In order to study an

Nanoscale Calibration Standards and Methods: Dimensional and Related Measurements in the Micro- and Nanometer Range.
Edited by Gunter Wilkening, Ludger Koenders Copyright (©) 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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area of the surface larger than the probe, the probe is scanned over the surface
area and the resulting image is analyzed as a whole to extract the desired features.
The measurement process is usually too slow for most industrial inspection ap-
plications. The (lack of) speed of these instruments is due to the imaging process
that consists of serial acquisition of individual data points in a regular grid that
spans the area of interest. In order to have sufficient spatial resolution the num-
ber of points on the acquisition grid is necessarily large, i.e., 512 X 512 or even
more, resulting in proportionally long acquisition times. Additionally, because the
acquisition is inherently slow the instrument itself can influence the measure-
ment, for example by thermal or mechanical instabilities, which will ultimately
affect the accuracy. Although the scanning mechanisms and data acquisition
hardware have improved in speed over the years, faster scanning also results in
loss of accuracy. Moreover, most of the information gathered in the scanning pro-
cess is redundant and discarded in the end because often only a single quantity
has to be extracted.

We describe a novel measurement approach in which the probe is controlled by
positioning vectors. Using this strategy the measurement process can focus on
accuracy, while maintaining speed because only the relevant data is captured.
Similar to a 3D coordinate measuring machine (CMM), an arbitrary polygonal
chain of movements provides the freedom to concentrate only on the feature char-
acteristic that has to be extracted from the surface geometry like distance, height,
pitch, line width or radius. The data analysis is therefore not based on an image of
the entire surface but merely on data sets that contain only relevant data. This
alternative measuring mode can significantly facilitate the implementation of fas-
ter measurement procedures as required in quality checks of a production line.

7.2
Setup

A commercial piezo table [2] with three independent translation axes is used. The
table has a displacement volume (x, y, z) of 100 pm X 100 um X 20 um. A square
aperture of 66 X 66 mm? in the center of the table provides space for interfero-
metric positioning measurement along the z-axis. The pitch, roll, and yaw during
translation along the axes are less than 2 arcseconds peak-to-peak for the whole
range of motion. Moreover for a 3D movement, the rotations can simply be inter-
preted as a superposition caused by three individual 1D movements, as is proven
by comparing a simulated superposition of two axes with the measurement, see
Figure 7.1. The measured signal (bottom line) was obtained by simultaneously
applying two identical sinusoidal waveforms in both the x- and y-axes while re-
cording the roll of the table. The simulated signal (top line) was calculated as a
linear superposition of individually measured roll when the same sinusoidal
waveform was applied first along the x-axis, then to the y-axis. It is therefore pos-
sible to directly map the overall roll of the table via the time dependency of the
waveform to the (x, y)-position on the table in both cases.
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Comparison of simulated vs. measured
parasitic rotation

Csimulated
* measured

arcseconds

1100 s

Fig. 7.1 The simulated roll (top) is the sum of the roll signals generated by individual trans-
lations along x and y. Simultaneous oscillations in x and y with different frequencies generate the
measured roll (bottom). The datasets are shifted for better comparison.

A commercial interferometer system [3] is used to sample the 3D position of
the scan table. The beam of a heterodyne laser is split into three beams, one
for each axis. The interferometers are four-pass interferometers, allowing a reso-
lution of A/4096, which corresponds to approximately 0.16 nm. The four measure-
ment beams of each interferometer form a square of about 12 mm side length.
The 36-bit position signal provides a limit for maximum displacement of 11 m.
For our purpose, 20 bit are sufficient. The optical quality of the laser and the
interferometer optics has been determined. The ratio of the mixing of the two
polarization states is 1:150 in the E-field, which results in a residual nonlinearity
in the position of 0.7 nm peak-to-peak (measured) (see Figure 7.2). The optical
components of the interferometer introduce a nonlinearity error of 1.4 nm
peak-to-peak (calculated) to the measured position (see Figure 7.3).

A self-designed scan table with three perpendicular mirrors is attached to the
piezo table (see Figure 7.4). In order to reduce environmental measurement er-
rors caused by a long dead path, the interferometers are placed 1 mm from the
mirrors. The achievable measurement uncertainty per axis is estimated to be bet-
ter than 2 nm. The design of the feedback system and the scan table is chosen to
ensure that the probing tip of the AFM rests in Abbe when scanning the sample.

An industrial PC with standard “Pentium IV” 1.5 GHz CPU controls the sys-
tem of 3D piezo movement and position feedback. The PC is equipped with
ISA-cards for digital input/output. PCl-cards would require the usage of addi-
tional driver software while only offering 3—4 times higher data throughput. A
maximum sample rate of 50 kHz is realized with the ISA bus and is sufficient
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for the 3D position and the signal of the AFM’s photodiode. Still data aging must
be taken into account if the four values are sampled in series. For a moderate line
scan frequency of 0.5 Hz over a length of 100 um, a time interval of 20 us corre-
sponds to a traveled distance of 2 nm. The first sampled value, say the x coordi-
nate, will no longer correspond to the same position on the sample surface as the
last sampled value, say the signal of the photodiode. Therefore, all four values are
latched into buffers by a single one-byte write command to ensure simultaneity.
These buffers are internal digital memory of the laser controller and the A/D
converter for the signal of the photodiode. They can then be read in series without
the need to compensate for data aging.

Three 20-bit DACs are used to send the calculated control voltages to the three
piezos. A commercial high-voltage amplifier is interconnected between the DACs
and the piezo table. The first sampled image as obtained by an ordinary periodic



Fig. 7.4 Cross-section
through the self-designed scan
table. It consists of a metro-
logical frame (e) which
ensures that the sample table
(f) remains in Abbe under-
neath the AFM head (a). To
the metrological frame (e), the
interferometers (b) are fixed.
The only moving unit is
formed by the mirror holders
(c) and the sample table

(f) which is displaced by the
3D piezo stage (d).
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scan is shown in Figure 7.5. A “find-me” structure of a calibration grid was
scanned over 35 um X 35 um and shows blocks with a height of about 400 nm.
The sample frequency was 10 kHz, the scanning took 500 s. This corresponds to a
lateral resolution of 5000 X 1000 samples. The tail-like structure in the upper cen-
ter of the image results from the very beginning of the sampling process when
the tip was not yet engaged and the z-feedback loop was not yet active.

4
x10

x [nm]
y [nm] 2 -3

Fig. 7.5 A “find-me” structure of a calibration grid was scanned over 35 um x 35 um and
shows blocks with a height of about 400 nm. A total of 5000 x 1000 samples are taken. The
tail-like structure in the upper center results from sampling during the tip approach.
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7.3
Correction for Piezo Nonlinearities

The hysteresis of a piezoscanner causes nonlinear deviation from an ideal linear
movement. This error is typically on the order of 10-20 % of the range of motion.
A simple feedback loop without compensation for hysteresis would require five
iterations at least in order to reach an absolute positioning accuracy of 1 nm
over a maximum displacement of 100 um. Additionally, drift and cross talk be-
tween the displacement axes is also likely to increase the number of iterations
per positioning task. Therefore, the controller software provides feedforward con-
trol that can correct in advance for nonlinear hysteresis and drift effects.

7.3.1
Hysteresis

A lot of effort has been undertaken to model the closed hysteresis loop of a per-
iodic scan movement. The residual nonlinearity of the models range between
0.5% and 5 %. The main disadvantage of most existing models for hysteresis is
their applicability to the closed hysteresis loops of a periodic scan movement
only. In [4] a model for hysteresis [5] was applied that simulates the hysteresis
of a periodic movement of a piezoscanner to 0.2 % and better.

In addition, the model is flexible enough to describe arbitrary piezo move-
ments. The model consists of an ordinary differential equation (ODE) (7.1)

ﬁ = asgn(V)(x-bV) + u, (7.1)

where the parameters b, u,and a are related to the piezoceramic material prop-
erties: its ideal linear electromechanical coupling b, the slope u of the virgin
curve in the origin, and a a measure for its ferroelectric softness which is
responsible for the hysteresis. In the case of a closed hysteresis loop, the vol-
tage V oscillates for a periodic scan movement, say Viin =V = Vi, and the
turning voltages Vpin, Vmax define the appropriate boundary conditions for the
differential equation. In order to use the model in a feedback control for arbitrary
positioning purposes where the position x, is known at every voltage V;, the ODE
can be solved with the boundary condition x(Vp) = xp. This yields the resulting
position of the scanner after the application of a voltage V given a starting
point (Vo, xp):

x(V) = bV- bou (1-e*(V-Y0)) 4 (x9—bVj)e *(V-Yo), (7.2)
a

Note that in Eq. (7.2), the argument x can be replaced by y as well as by z in order
to determine the control voltage along the movement of the lateral y-axis or even
in the z-axis. The only difference is the usage of a new set of parameters
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(by, uy, @), (b2, uz, a;), respectively, which is uniquely defined for the y-axis and
z-axis.

Inverting (7.2), the desired control voltage V(x) = x '(V) can be calculated
which is necessary in order to go from a given piezo state (Vj, xp) to a new posi-
tion x.

Vi(x) = % (ﬂ+x>+

a

1 1 /bu a(Vo—% (H +xo))—%<x—xo> 7:3)
—Lambert W a(V 3 (—+xo)>e a .
a a

The function Lambert W [6] is not implemented as a standard function in com-
puter hardware, despite its importance for inverse exponential growth processes.
For computational fast and accurate determination of its function values in Eq.
(7.3), a Newton—Raphson iteration is applied. The value w* = Lambert W(v) is
the root of the help function h(w): = we¥—v so that h(w*) = 0. It converges to
an accuracy of 107" in typically less than six iterations. The inverse hysteresis
model has been successfully applied as online control to a SPM [7].

The evaluation of (7.3) for the two coordinates x, y of the lateral 2D control
takes 1200 CPU clock cycles, or roughly 800 ns on a 1.5GHz CPU.

In order to gain further computational speed, the nonlinear function can be
linearly approximated for small displacements |x—xo|, if the error is less than
the required positioning accuracy:

V(x) ‘x_xo‘zsmau% (@ + x) + !
a

(7-4)

This approximation is linear in x and therefore facilitates speedy computations
without the need for Newton—Raphson iterations. The application of the linear

Table 7.1  Runtime comparison of different control algorithms

Algorithm in SSE2 assembly code CPU cycles  Time (us)
(P4 at 1.5 GHz)

Non-linear hysteresis control (2D lateral) 1200 0.80
Linearly approximated hysteresis (2D lateral) 200 0.13
Linear response model (2D lateral) 15 0.01
Drift fit (100 samples, 4 components) and y?-test 2000 1.33

For comparison: one sample at 50 kHz 20.00

101
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Table 7.2 Decision making of the control algorithm

Use last measured 3D point as current 3D position

Given the desired IF displacement in x Linear response model for lateral axes
new 2D position, and y <5 nm —

calculate new 2D IF displacement in x Approximate CH solution

control voltage: and y < 100 nm — for lateral axes

ELSE — nonlinear CH solution for lateral
axes

Apply new 2D control voltage
Sample 3D position 100 times
Calculate drift

function is bounded by the values of the parameters («a, b, u) to |x—x¢|< 50 nm.
The time of computation reduces to 200 CPU clock cycles, or roughly 135 ns on a
1.5 GHz CPU.

For |x—xy|<5nm, correction for hysteresis is no longer applied, the piezo is
treated as a displacement device with a linear response. Then the control algo-
rithm reduces to a single multiplication with a gain value. Table 7.1 shows the
time of calculation for the different control functions, coded in optimized SSE2
assembly (see Section 7.4 below).

Table 7.2 sums up the decision making during the feedforward algorithm for
the lateral positioning.

7.3.2
Drift

While the hysteretic nonlinear contribution to the movement of a piezoscanner
decreases with decreasing scan range, the drifting of the piezoceramic predomi-
nates the positioning errors for small scan ranges.

The bandwidth of the control loop is limited to about 500 Hz by the high-
voltage amplifier and the stage itself, while the bandwidth of the sampling for
3D-position and tip-feedback is in the order of 50 kHz. This means that about
100 samples of the 3D-position (x, y, z) plus the signal of the photodiode p
can be taken between two successive control signals. Each sampled quadruplet
(%, y, z, p) is paired with the value of the internal CPU clock in order to provide
an absolute time frame for the evaluation of the drift. Keeping track of the abso-
lute time is important since modern multitasking operating systems do not allow
real-time control.

After acquisition a line is fitted through each of the four components of the 100
samples. The slopes of the fitted lines indicate the drift of the measurement
signals in the time interval between two successive control signals. In order to de-
termine whether the calculated drift represents a significant drift or whether the
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100 samples are dominated by random noise, the estimated displacement given
by the product of the calculated drift and the time interval of the 100 samples
is compared to the noise level of the samples given by the normalized y? value
of the fit. Only if the noise level is less than the estimated drift, drift correction
will be included in the following loop of the control algorithm.

All these calculations, the linear fit for the four components as well as the y2-
comparison of the noise level, are done within 2000 CPU clock cycles, or roughly
1.33 us on a 1.5 GHz CPU, see Table 7.1. This corresponds to less than 1/10th of
the time needed to take one single sample.

7.4
Real-Time Control Through SSE2 Assembly

Taking advantage of a recently introduced single-instruction-multiple-data (SIMD)
extension to the x86 machine code, the control algorithm is applied simulta-
neously to values of both the x- and y-axes. The so-called SSE2 (Streaming
SIMD Extension 2) [8] of the Pentium 4 processor now introduces vectorization
of variables for the parallel processing of two double-precision or four single-pre-
cision real-valued numbers. This CPU feature is predestined for the purpose of
controlling a two-dimensional movement in the lateral plane, because the same
control algorithm can be applied simultaneously to both x- and y-coordinates.
Double precision is required for sub-nanometer accuracy. Thus, each mathemati-
cal operation processes the two individual coordinates (x, y) in parallel. This is
achieved by loading the two individual datasets of parameters (ay, by, uy) of the
x-axis and (ay, by, uy) of the y-axis into memory. Notice that the scan direction
sgn(V) as defined in (7.1) can be implemented as the sign of a. Therefore,
flipping the sign-bit of a, or a, automatically sets the corresponding axis control
to the desired direction.

The implementation of the linear fit for the drift is straightforward, together
with the y? comparison. Since double precision is not required for the determina-
tion of the drift, using only single-precision real values offers the possibility to
process four individual coordinates simultaneously. Currently, the first three
SSE2 components correspond to the three sample axes x, y, and z, while the
fourth component is used for the feedback signal of the AFM scanning tip
given by the photodiode.

Both corrections for hysteresis and drift have been hand-coded in SSE2 assem-
bly exclusively, along with additional optimizations for speed. The performance of
the drift code is shown in Table 7.1. The computation of both the nonlinear
hysteresis control and the drift uses only 10 % of the time which is needed for
a single sample.

In order to test the performance of the lateral positioning control, 10 simulta-
neous steps of 200 nm are applied in both the x- and the y-directions in order to
simulate arbitrary probing. The points of probing lie along a straight line, the
residual error being in the order of 20 nm peak-to-peak due to environmental
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Fig. 7.6  Performance of the lateral control loop. 10 simultaneous steps are applied in both the
x and the y direction to simulate arbitrary probing. The residual positioning errors along the line
of stepping are in the order of 20 nm peak-to-peak. This coincides with the order of magnitude
of environmental vibrations. The first outlier at 200 nm is due to the intertia of the stage.

vibrations, see Figure 7.6. These are in the same magnitude caused by the not yet
optimized set-up. The first outlier at 200 nm is caused by the inertia of the stage.
The control algorithm can be adjusted to cope with this initial effect during
acceleration.

7.4
Implementation of the Measurement Controller

Conventional scanning results in an image of the surface under study as illustrat-
ed in Figure 7.7(a). In this process the operator defines the area of the scan as well
as the number of points to be sampled. The resolution of the scan and therefore
the accuracy of the analysis is mainly determined by these boundary conditions.
If, for example, the pitch or line width of features on the surface has to be deter-
mined the only relevant information is located at the edges of the features. When
the raster scan is processed to extract these features most information in the
image is irrelevant and not used in the analysis. When we, however, only acquire
data at the edges, see Figure 7.7(b), and ignore the rest of the surface, only the
relevant information with maximum accuracy is obtained. The concept of probing
described above requires the position control to correspond to any desired lateral
movement. Therefore, a new command structure has been developed which
allows the scanner to trace any lateral polygonal chain. The polygonal chain
may consist of any pair of steps (Ax, Ay) in the x- and y-direction with a number
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a

Fig. 7.7 Conventional scanning of a pitch or line width standard (a) results in redundant data
and loss of accuracy while in (b) only the relevant data, at the edges, is probed with maximum
accuracy.

n of repetitions of the step. A Boolean flag r determines whether or not to record
while stepping n-times along (Ax, Ay). Thereby the ith change of direction of the
(Ax, Ay);
polygon chain is defined by i . With this structure, any desired point
i

within the 100 um X 100 um scan area can be reached and probed. Even the con-
ventional rectangular scan along x and y is programmable.

A disadvantage of this method is that one needs a priori knowledge about where
exactly to find the features of interest on the sample. This can easily be overcome
by doing a low-resolution fast scan of the total sample surface and then marking
the areas of interest.

7.6
Image Analysis

Since the measurement protocol as described above does not result in an image
but in a set of coordinates, regular scanning probe image analysis software cannot
be used to extract the required parameter values. The measurement has some
similarities with measurements performed by a 3D CMM. However, the probe
of a 3D CMM is calibrated and has a very well known shape while the probe of
a SPM is usually only known approximately (see Figure 7.8). Even if the SPM
probe is characterized very well before use, probe-surface interaction results in
tear and wear during normal use that changes the characteristics of the probe.
Therefore, when compared in relation to CMMs, a larger measurement uncer-
tainty is to be expected when using CMM software algorithms. In this context
it is important to identify valid sample points from those which have been
recorded while the tip was not in a state of equilibrium at its set-point.
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Fig. 7.8 In contrast to CMM measurements (a) where the probe is calibrated a SPM probe (b)
is usually not well characterised resulting in additional measurement uncertainty.

Figure 7.10 shows the profile of a step. The rounded edges indicate a large set-
tling time of the z piezo. The error signal from the photodiode clearly displays
peaks at the edges. The cantilever is deflected and the tip is no longer at its equi-
librium state of its set-point (see Figure 7.9). As a consequence, the sampled co-
ordinates do not match the true topography of the surface. Therefore the edges
should be marked as not being valid samples. With our probing algorithm it is
possible to online identify these features during the process of sampling. The
effect of a large settling time is immediately visible in the y?-analysis of the signal
of the photodiode. An intelligent control algorithm can easily recognize this and
either reduce the scan velocity until a stable tip signal is available again, or the
samples can simply be discarded. Only those points are considered to be valid
samples, when the signal of the photodiode constantly remains within a threshold
around its set-point. The noise level of the photodiode signal is in the order of
0.1 nm (see Figure 7.10).

N

Fig. 7.9 At sharp edges, the cantilever is deflected (black tip) and the tip is no longer at its
equilibrium state of its set-point (grey tip). The sampled data in this situation does not accu-
rately match the topography of the sample.
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Fig. 7.10 The scanned profile over a step height (solid line) exhibits round edges which are
caused by the large settling time of the z control. The error signal (dotted line) as recorded
by the photodiode clearly shows the slow response of the feedback loop at steep edges. The
dashed line indicates the threshold for the error signal. The corresponding part of the sampled
profile can be treated as valid data if the error signal remains within its threshold. The noise of
the photodiode signal is in the order of 0.1 nm.

7.7
Conclusions

We have established a 3D-controlled AFM with nanometer accuracy, which is
directly traceable to the length standard. The position uncertainty is in the
order of one nanometer. The advanced high-speed control software allows tradi-
tional scanning as well as isolated probing of metrologically interesting sample
features only. Sources of uncertainty that evolve from data aging have been suc-
cessfully tackled. In addition, a procedure is proposed to use the error signal of
the photodiode online in order to identify the measurement quality of the
sampled points. Upon the tip leaving its state of equilibrium, either the data
can be discarded or the following measurement can be actively controlled in
order to return the tip to its set-point. The machine coded control algorithm offers
further possibilities to use the computational reserves for intelligent automated
measurement control, such as automatic edge tracing.
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Scanning Probe Microscope Setup with Interferometric Drift
Compensation

Andrzej Sikora, Dmitri V. Sokolov, and Hans U. Danzebrink

Abstract

Scanning probe microscopes (SPMs) are extremely sensitive instruments, which
are strongly influenced by external environmental disturbances. The final quality
of the picture depends on system stability as well as thermal, mechanical, and
electrical noise immunity. Although one can isolate the SPM very carefully, but
it is impossible to avoid any, e. g., thermal, drift in the system. We present an in-
terferometric add-on system applied to a scanning probe microscope construction
which allows us to monitor drifts of the scanning head and to reduce its influence
on the measurement result.

8.1
Motivation

In a scanning probe microscope (SPM) we expect perfect mechanical stability of
the scanning head. This is important since the z-piezo movement reflects the to-
pography changes measured during the scanning process. If instabilities or drifts
occur between the scanning head and the surface, the scanning z-piezo compen-
sates these drifts resulting in artificial z-motions added to the sample’s topogra-
phy. As a consequence, the measurement result consists of both the topography
and drift information. However, even if we would know about the presence of
thermal drifts in the setup, we could not remove those artifacts from the imaging
result alone because of their nonlinear and random behavior.

Some of our SPMs are designed as add-on systems, which are plugged into con-
ventional optical microscopes [1, 2]. In these setups an optical microscope body
from Zeiss (“AXIOTECH”) was used as a base (Figure 8.1). Such constructions
are not optimized for SPM applications and have a lot of elements that can intro-
duce disturbances and artifacts because of thermal drift. Because of their geome-
try the most critical drift motion happens in vertical direction.

Nanoscale Calibration Standards and Methods: Dimensional and Related Measurements in the Micro- and Nanometer Range.
Edited by Gunter Wilkening, Ludger Koenders Copyright (© 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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110 | 8 Scanning Probe Microscope Setup with Interferometric Drift Compensation

Fig. 8.1 Base construction of the optical microscope and some add-on SPM systems.

Typical artifacts caused by mechanical instabilities resulting in a nonsurface-
related motions between the SPM and the surface are presented in Figure 8.2.
Some software programs can do line wise filtering and most of such artifacts
can be removed. Nevertheless, we do not have any quantitative information
about this correction. Moreover, digital processing of the picture is not perfect
and can introduce new artifacts. In addition, it must be noted that line wise filter-
ing cannot remove every distortion caused by mechanical instabilities (including
thermal drift), because some artifacts are also present in the fast scanning axis.
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Fig. 8.2 Typical artifacts caused by mechanical instabilities of the setup of an SPM.



8.2 Existing Setup — Without Drift Compensation

Simultaneous measurement of the instrument’s drift would give a chance to
remove its influence on the measurement result and to improve the final quality
of the picture. Additionally, after investigation of the thermal behavior of the
microscope, its construction may be improved with respect to this influence.

For the observation of thermal drift during measurement, an interferometric
measurement system is proposed in this chapter. This method allows us to obtain
high-resolution and high-accuracy measurements. A known and precisely defined
wavelength can be used as a reference to quantitative and even traceable distance
measurements.

8.2
Existing Setup — Without Drift Compensation

One of the best methods to avoid artifacts due to drift is to make the scanning
head as small as possible using materials with the smallest possible thermal ex-
pansion coefficient. However, in some particular cases such a solution is impos-
sible or uncomfortable.

The microscope — SPM solution shown in Figure 8.1 has a large “measurement
circle” as illustrated in Figure 8.3(a). Therefore, several mechanical instability
sources are present in this system. In order to improve the mechanical stability,
the original iron cast stand was replaced by a granite base (Figure 8.1). It is not
only the base of the microscope which introduces thermal drift, but also the
x-, y-, z-coarse positioning stages, the SPM module, and the scanning piezo
stage have also been taken into account. To reduce the influence of the number
of possible drift sources a shortened “measurement circle” is proposed in this
chapter (Figure 8.3(b)). This shortening is achieved by a direct measurement
and compensation of the drift without significantly changing the scanning
head construction.

TF hold T ce TF halder

Z — scanning piezo Z — scanning pigzo

Fig. 8.3 (a) The large “measurement circle” of the uncompensated instrument and (b) the
reduced “measurement circle” with interferometric drift compensation.
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8.3
Measurement Method and Setup for Drift Compensation

In this realization, the SPM module is equipped with a quartz tuning fork (TF)
used as the sensing element [3, 4]. To increase lateral resolution a specially com-
missioned whole diamond probe tip is mounted on the underside of the lower
tineof the tuning fork [5]. This module is attached to the microscope objective
using a ring adapter (see Figure 8.4).

To measure drifts in this system, with single-nanometer resolution, we intro-
duced an optical interferometer into the measurement setup. This method allows
us to obtain quantitative information about distance changes between the SPM
head and the surface. Instead of a complicated interferometric fringe counting
system, a control loop was established which tracks and holds a certain value
of one interference fringe (see the following sections).

This interferometric setup was designed to be added to the existing SPM and
optical microscope construction (Figure 8.4). Since the backside of the diamond
tip is polished and orientated parallel to the sample surface, this plane is selected
as the first mirror of our differential interferometer. The second mirror is placed
next to the base for the scanning z-piezoactuator.

The motion to keep the tip—sample distance constant is performed by the sam-
ple stage, while the position of the tip remains the same (apart from its oscillating
motion). For this reason, the distance between the SPM module and the reference
mirror should be constant. Any movement, e.g., caused by a drift motion, is ob-
served by this interferometer. We simulated the interferometer response on

Fig. 8.4 Diagram and photo of the setup: (1) laser, (2) beam splitter, (3) objective,
(4) scanning tip, (5) mirror, (6) reference mirror, (7) reference piezo, (8) photodiode,
(9) scanning z-piezo, and (10) CCD camera.
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changes in this optical path by moving the reference mirror. The result is pres-
ented in Figure 8.5.

During the SPM operation the tuning fork (TF) is electrically driven at its reso-
nance frequency (Figure 8.6). Consequently, the optical signal of the interferom-
eter is also modulated due to the oscillating motion of the TF. For a reduction of
noise a lock-in amplifier is used to measure the interferometer signal. When the
average interferometer mirror distance is constant we expect a constant lock-in
readout value. Otherwise we observe a readout change (amplitude and phase).
An example of such an output signal is presented in Figure 8.7. We applied a ty-
pical excitation signal to the TF (oscillation amplitude: ca. 10 nm) and a triangle
signal to the piezo with the reference mirror to simulate the scanning head drift
(lower signal). The observed signal (amplitude multiplied by phase) is represented
by upper curve.

Fig. 8.6 View of the SPM
head: tuning fork holder with
the tuning fork and its glued
diamond tip.
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Fig. 8.7 Lock-in output signal (upper curve) and reference mirror driving voltage (lower curve).

TF oscillation amplitude: 10 nm.

Since the lock-in output value represents a definite interferometer mirror dis-
tance, it is possible to track a certain value of an interference fringe and to use
a feedback module to keep the lock-in response constant. This constant value is
achieved by moving the reference mirror. The introduced motion compensates
the drift motion and preserves the optical path length in the interferometer.
Finally, the voltage applied to the reference piezo is recorded and used to monitor
the mechanical drift of the scanning head.

The part of the signal processing unit which serves for the drift compensation
includes a photodiode with preamplifier to detect the interference fringes, a lock-
in amplifier, and a PI regulator with the possibility of changing amplification fac-
tors, as well as P and I parameters. Also an internal stable setpoint voltage source
is implemented. For the analog drift compensation a simple subtracting module
(with proportion 1:1) is added. The circuit also permits to add “artificial” drift
signals to test the device (concerning control loop parameters, sensitivity, ...).
Finally, three outputs allow us to observe and acquire each of the signals indepen-
dently: topography signal (without compensation), thermal drift, and compen-
sated topography signal.

The described signal processing unit was designed to be used as an add-on
module for the existing setup to make the whole system more universal and reli-
able, and to avoid uncomfortable reconnection procedures. The complete electro-
nic system is sketched in Figure 8.8.
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Fig. 8.8 Signal processing setup. The electronics include the laser interferometer readout
(“photodiode with preamplifier”) and the TF distance control (“TF signal preamplifier
module”, ...,” PID regulator”).

8.4
Experiment and Results

Simultaneous measurements of sample topography and thermal drift were per-
formed. To achieve real measurement conditions, especially concerning the ther-
mal behavior, x-, y-scanning were also carried out instead of measuring the z-mo-
tion only and keeping the lateral position of the tip fixed. As the sample, a flat
silicon surface was chosen. For this extremely flat and smooth sample the
recorded uncompensated topography signal should be mainly due to the drift
motion and not due to the sample’s topography (see Figure 8.9).

The presented results from Figure 8.9 show a good agreement between the un-
compensated topography signal and the thermal drift signal derived indepen-
dently from the laser interferometer. Some artificial mechanical instabilities
were simulated by adding a couple of nanometer shifts to the coarse z-stage.
They are well visible in both pictures (positions: ca. 260 nm and 350 nm). After-
wards, the thermal drift is subtracted from the uncompensated topography signal
using a data processing software. As a result, the z-range of the data is reduced
from about 67 nm to 31 nm (Figure 8.10).
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Fig. 8.9 Simultaneously recorded results of the uncompensated topography signal and the
thermal drift signal. Upper part: uncompensated topography signal of a flat silicon surface, and
lower part: corresponding drift signal from the interferometer (scanning speed: 1 line/s,
environmental chamber: open).

Z-range: 31.7nm

354 7ES Fig. 8.10 Result of the subtraction between
X-range: 769nm topography and drift data.

Because the thermal drift obviously depends on the ambient temperature stabi-
lity, we compared drifts with opened and closed environmental chamber (Figure
8.11).

The instability of the microscope setup was reduced by a factor of 2 (deduced
from the z-ranges) after closing the measurement chamber (about 150 nm p-v
value with opened chamber and about 80 nm with closed chamber).

We also recorded the temperature changes in a 90 min time period (Figure
8.12). The room temperature was 21.3 °C. In the closed chamber the temperature
was about 1.5 °C higher than outside. As expected, the warming-up process after
closing the chamber is well visible in Figure 8.12 (curve in the middle).
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Fig. 8.11 Comparison of the setup’s thermal drift: with closed chamber (above), and with
opened chamber (below). Please note the different z-scale ranges.

Fig. 8.12 Temperature
changes in the micro-
scope’s environment, mea-
sured inside the chamber.
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after closing the chamber
(lower curve).
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8.5
Summary

The presented setup allows us to monitor thermal drifts of the SPM measure-
ment system and to subtract the drift signal from the resulting “topography”
image. The drift motion is measured by a Michelson interferometer, which is rea-
lized as an add-on module to the existing setup. The same interferometer allows
us to obtain quantitative information about the oscillation amplitude of the scan-
ning tip. Furthermore, by adding a fringe counting system it is possible to moni-
tor the complete approach process of the SPM, including coarse and fine motion,

very precisely.
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DSP-Based Metrological Scanning Force Microscope
with Direct Interferometric Position Measurement and
Improved Measurement Speed

Gaoliang Dai, Frank Pohlenz, Hans-Ulrich Danzebrink, Klaus Hasche,
and Giinter Wilkening

Abstract

A digital signal processor (DSP)-based signal processing system is designed and
implemented in an existing metrological scanning force microscope (M-SFM) of
PTB named “Veritekt C”; hence the M-SFM is improved at two important aspects:
(1) The DSP system is capable of processing the interferometer signals with on-
line Heydemann corrections. This reduces the residual nonlinearity of interfe-
rometers from about 3.5 nm to less than 0.3 nm. As a result, the M-SFM is pre-
sently working with direct interferometric position measurement. (2) All sensors
of the M-SFM, including the optical detector (for measuring the bending of the
cantilever) and all interferometers, are sampled synchronously during scanning;
therefore it is possible to derive the surface topography from the combined
value of the result of the z-interferometer and the bending of the cantilever. As
the benefit, the surface topography can be accurately measured during scanning
even when the bending of the cantilever has some deviations from its setting
value. Therefore the scanning speed of the M-SFM can be enhanced without
any compromise of decreasing the measurement performance.

This chapter introduces the new design in detail and some measurement
results are given to illustrate the effectiveness of this implementation.

9.1
Introduction

Measuring artifacts with a well-defined structure is a convenient and widely used
method for the calibration of many kinds of microscopes and topographic
measurement instruments, such as scanning force microscopes (SFMs), profil-
ometers, and optical and scanning electron microscopes. Usually, one- or two-
dimensional gratings are used for calibrating the xy-plane, and step-height stan-
dards for calibrating the z-axis. However, those standards have to be calibrated in

Nanoscale Calibration Standards and Methods: Dimensional and Related Measurements in the Micro- and Nanometer Range.
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advance by higher accuracy methods, for instance, a metrological scanning force
microscope (M-SFM). Compared to normal SFMs, a special feature of M-SFMs is
that they are equipped with optical interferometers. In such a way, their measure-
ment results can be directly traced to the meter definition.

Several M-SFMs aimed for a measurement uncertainty at the nanometer or
sub-nanometer level are developed at national metrology institutes worldwide
[1-6]. Based on the role of the optical interferometers used in the instruments,
the operation mode of those M-SFMs can be classified into two groups. One
group is using optical interferometers only for calibration purpose while capaci-
tive sensors are still serving as position sensors during the measurement [1-3].
This is what we call “calibration mode” in this context. The other group is
using optical interferometers for position readout or for direct position control
[4-6]. It is called “direct measurement mode.” Both modes have their own advan-
tages and disadvantages. For example, the calibration mode can reduce the influ-
ence of inherent nonlinearities of optical interferometers by conducting the cali-
bration at integral interference fringes that are perfectly equidistant. But, as a
drawback, frequent calibration is needed. With the direct measurement mode,
however, the resolution and nonlinearity of optical interferometers have to be
carefully investigated and improved. The prevailing conditions in a system define
the adequate operation mode.

In this chapter, a digital signal processor (DSP)-based signal processing system
is realized for an existing M-SFM of PTB named “Veritekt C.” By implementing
this design, the Veritekt C is improved at two important aspects. Firstly, the inter-
ferometer signals processed with online Heydemann corrections result in a reduc-
tion of the nonlinearity of the interferometers from about 3.5 nm to less than
0.3 nm. This allows us to use the interferometers for direct position measure-
ment, and thus change from the calibration mode to the direct measurement
mode. Secondly, sensors of the M-SFM, including all interferometers and the
optical detector of the cantilever, are sampled synchronously; as discussed
below, this permits us to significantly increase the scanning speed of the M-SFM.

9.2
Instrument

9.2.1
Principle

A principle sketch of the M-SFM “Veritekt C” is shown in Figure 9.1. It is a scann-
ing sample system with a stationary fixed cantilever probe. The 3D monolithic
flexure-hinge stage with a scanning range of 70 um X 15 um X 15 um along
the x-, y-, and z-axes, respectively, is driven by piezoelectric translators (PZTs)
equipped with capacitive sensors. The sample holder is fixed on the flexure-
hinge stage. Its position is measured by three homodyne planar interferometers,
which were designed in cooperation with SIOS Messtechnik GmbH and the Tech-
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Fig. 9.1 Principle sketch of the M-SFM Veritekt C.

nical University of Ilmenau [7]. When the sample is mounted, its measurement
point lies at the point of intersection of the three interferometer measurement
beams so that the Abbe error can be minimized. For measurement, the sample
is coarsely approached to the tip by a step motor (not shown in Figure 9.1),
and is then scanned in contact mode. In this mode, the bending of the cantilever,
measured by an optical detector, is kept constant. The base plate is made from
Zerodur and the remaining structures are almost all made from super invar to
enhance the thermal stability.

9.2.2
DSP-Based Signal Processing System

The “Veritekt C” is implemented with a newly designed DSP-based signal pro-
cessing system. The signal flow chart of the instrument is depicted in Figure
9.2. Tt consists of four blocks. Block I is a DSP system that is the core of the
whole signal processing system. During measurement, the DSP system runs
with a servo loop at a bandwidth of 20 kHz. This servo loop deals with the follow-
ing tasks:
a) It outputs a pair of analog signal that is fed to the block II
(analog PZT controller) for scanning the sample along the
x- and y-axes. This procedure is managed by the submodules
“X-scanner” and “Y-scanner” in the DSP.
b) It latches and analog-to-digital converts the electrical signals
of all interferometers, which are further demodulated in
submodules “ISDU” of the DSP.
c) It latches and analog-to-digital converts the tip signal (sum
and differential signal) from the optical detector for mea-
suring the bending of the cantilever. The result is further fed
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to a digital PID servo controller (DSC in Figure 9.2). The
DSC outputs an analog signal to the block II for moving the
sample along the z-axis. In such a way, the SFM tip bending
is kept to a constant value (Zgeying)-

d) The demodulated sample position is monitored by a latch
signal generator (LSG in Figure 9.2). Once the sample
position has reached one of the desired measurement points,
the LSG sends out a command to latch the measurement
results, including both the sample position (the values of all
interferometers) and the bending of the cantilever, into a
data buffer. It should be stressed that the measurement
results are sampled at a synchronization clock signal (SCLK
in Figure 9.2).
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Fig. 9.2 The signal flow chart of the instrument. Legend in the figure are as follows: ASC,
analog servo controller; DSC, digital servo controller; HVAMP, high voltage amplifier; CAP,
capacitive sensor; PZT, piezoelectric transducer; Ol, optical interferometers; ISDU, interfero-
meter signal demodulation unit; OD, optical detector; OD-SP, signal processing unit for the
optical detector; ADC, analog-to-digital converter; SCLK, synchronization clock; LSG, latch signal
generator; DL, data latch; DB, data buffer; I, DSP system; II, analog PZT controller; 111, optical
interferometer system; IV, M-SFM body.
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e) The measurement data will be transferred to host computer
via a PCI bus after a line scan has been completed. Finally,
the precise surface topography can be calculated from the
combined value of the result of the z-interferometer and the
bending of the cantilever at the host computer.

Block II is an analog PZT controller made by Queensgate company. It positions
the sample along the x-, y-, and z-axes according to the applied voltages from
block I. Block II is presently working in a closed loop using capacitive sensors
for feeding back.

Block IIT is the optical interferometer system. In this block, the electronic sig-
nals of the interferometers have only been preamplified before they are fed to
block I. Block IV represents the M-SFM body as shown in Figure 9.2.

9.23
Calibration of the Tip Signal for Traceably Measuring the Bending of the Cantilever

The bending of the cantilever has to be calibrated traceably since it is incorporated
in the measurement results. For this purpose, an automatic procedure has been
implemented to calibrate the tip signal against the z-axis interferometer in situ:
After approaching the tip toward the sample, the sample is moved in the z-direc-
tion for about 50 nm while keeping its x-, y-position unchanged; therefore, a fixed
point on the sample is measured by the SFM tip, and the sum value of the z-axis
interferometer and the bending of the cantilever should be constant. By recording
simultaneously the value of the z-axis interferometer and the tip signal, the tip
signal can be calibrated. This automatic calibration procedure does not need
any other additional devices or changes in the experimental setup and can be
executed easily within the measurement software. As an example, one calibration
result is shown in Figure 9.3.

60
%

4, k=-0.85 digitim
50+ “ay

404 A,

304 e,

Tip signal (digit)
.

201 N,

104

H H H T T T T T T
Fig. ?.3 . Callbratllon result of 40 50 80 70 a0 90 100 110
the tip signal against the z-axis

interferometer. Value of the z-interferometer (nm)

123



124

9 DSP-Based Metrological Scanning Force Microscope

9.3
Correction of Nonlinearity of the Optical Interferometers in the M-SFM

9.3.1
Review of Nonlinearity Correction Methods

The ideal homodyne interferometer setup delivers a pair of electrical signals
(u1,u2) with identical amplitude, zero offset, and exactly 90° phase difference
for bidirectional counting and fringe subdivision. However, polarization mixing,
laser power drift, laser beam misalignment, imperfection of electronic processing,
and the error motion of the stage will cause the Lissajous trajectory of the two
phase-quadrature signals to be distorted from the ideal circle. These distorted
phase-quadrature signals (u, u4) obtained by respective photodetectors can be
expressed as follows:

d
Uy

u1+p

v 9.1)

1 .
—(upcosa — uq sina) +

q
-

One possibility of correcting those distorted signals is published by Heydemann
[8]. He used a least-squares ellipse fit to calculate the parameters p,q,r, and a.
After that, the ideal vector (uq, up) is recovered from the distorted vector
(ud, ud). This method, which reduces the nonlinearity significantly, is widely
used [9] and also known as Heydemann correction.

However, since the Heydemann correction needs complex computation, it is
mainly used offline for postprocessing interferometric signals. As a compromise,
the gain/offset correction method, which uses the parameters p, g, and r to recover
the distorted vector by assuming a = 0, is mostly adopted for real-time nonlinear-
ity correction. It needs no time-consuming least-squares ellipse fit, and therefore,
it is feasible to be realized by firmware in digital signal processors or pure hard-
ware. There exist different methods to determine p, g, and r. The simplest way is
to adjust the gain/offset potentiometers of the signal amplifier manually while
monitoring its Lissajous trajectory to be a zero-centered circle. An alternative
automatic way can be realized by adopting a pair of A/D converters, recording
the peak values (u}", u‘lnin, Uy, ufznm) of the conversion result while scanning
the vector over several circles. Afterward, the parameters p, g, and r can be calcu-
lated as

min max
U+ uyg

2
q _ urzmn_;ugnax (92)

max min
Ui -

r= —— 31
max min
U -y
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9.3.2
Adapted Heydemann Correction in a Fast Servo Control Loop

Nowadays M-SFMs are aiming at uncertainties in the sub-nanometer range fol-
lowing the increasing demands from industry. The Heydemann correction is
the feasible solution for decreasing the nonlinearity of homodyne interferometer
into sub-nanometer range. However, the least-squares ellipse fit of the Heyde-
mann correction is quite time-consuming and cannot be realized online for suf-
ficiently fast scanning speeds. To solve this problem, we use the Heydemann cor-
rection in an alternative way: calculate ellipse parameters at first, and then fix
these parameters in the servo control process for a certain time (a few minutes
or hours, depending on the stability). To use this method, two preconditions
must be fulfilled: (1) The ellipse parameters must be stable over the whole
servo control time; and (2) the ellipse parameters must be constant over all the
movement range of the stage. It was confirmed experimentally that all interfe-
rometers of our SPM fulfill the above preconditions. As an example, the data
of the z-axis are shown in Table 9.1. The maximum changes of these parameters
are less than 0.1 %.

Table 9.1 Ellipse parameters calculated from measurements
at different z-positions. Here, A,; and A,, are the amplitudes of
signals u¢ and ug, respectively

Position (m) plAa (%) /A (%) r a (rad)
-8.1 -1.87 -1.17 1.0347 0.0212
-6.8 -1.88 -1.20 1.0347 0.0213
=55 -1.85 -1.18 1.0345 0.0214
—41 -1.91 -1.21 1.0347 0.0210
-27 -1.91 -1.21 1.0347 0.0210
-14 -1.91 -1.21 1.0350 0.0210
0 -1.88 -1.19 1.0348 0.0214
1.4 -1.89 ~1.14 1.0346 0.0213
2.7 -1.89 -1.21 1.0351 0.0213
41 -1.90 -1.18 1.0347 0.0208
5.5 -1.89 -1.20 1.0349 0.0212
6.8 -1.92 -1.15 1.0347 0.0209

Maximum change  0.07 0.07 0.0006 0.0006
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9.3.3
Performance of the Interferometers in the M-SFM Veritekt C

We experimentally measured the residual interferometer nonlinearity by using
three different correction methods at different times. During the experiments,
the stage is scanned in the z-direction by the respective piezoelectric actuator.
The scan range is exactly 24, where 1 is the optical wavelength of the laser
light. The readouts of capacitive sensors and interferometers are recorded simul-
taneously. The results are depicted in Figure 9.4, showing the complete correla-
tion curve and the deviation from linearity. Figure 9.4(a) shows the result when
no correction method is applied. Figure 9.4(b) shows the result when the gain
and offset correction method is applied. Figure 9.4(c) shows the result when
the Heydemann correction method is used in real time.

Figure 9.4(a) shows first- and second-order residual nonlinearity with total
peak-to-valley amplitude of about 3.5 nm, the first-order nonlinearity being the
significant part. The first-order nonlinearity is the result of nonzero offset in
the interferometer signals during demodulation. The second-order nonlinearity
is caused by the fact that the signals are with unidentical amplitude and not ex-
actly in quadrature. Figure 9.4(b) shows a residual nonlinearity including almost
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9.3 Correction of Nonlinearity of the Optical Interferometers in the M-SFM

Fig. 9.4 Results of non-
linearity correction methods
for homodyne interferometer
in the M-SFM Veritekt C, with
(c) the online Heydemann
correction in real time;

(d) represents the spectral
analysis result of the residual
nonlinearity signal of (c)

fo = 1/A, where 4 is the optical
wavelength of the laser light.
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only second-order components with a peak-to-valley amplitude of about 1.5 nm. It

indicates that the gain/offset correction method can remove the first-order nonli-

nearity but not completely the second-order nonlinearity. In Figure 9.4(c), no clear
periodical nonlinearity is visible, indicating that the Heydemann correction re-
moves both the first- and second-order nonlinearity significantly. This is also

clearly demonstrated in the spectral analysis result shown in Figure 9.4(d). The

remaining error is mostly caused by mechanical and electronic noise. We esti-

mated the residual nonlinearity of interferometers after using the Heydemann
correction to be less than 0.3 nm.
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9.4
Improving the Measurement Speed

By using the newly designed DSP-based signal processing system, all sensors are
sampled synchronously at each measurement point. The surface topography is
calculated as the sum value of the result of the z-interferometer and the bending
of the cantilever. As the benefit, the surface topography can be measured correctly
even when the bending of the cantilever has a deviation from its setting value,
because this deviation is also included in the z-interferometer at the same time
and therefore can be compensated. In order to clarify this idea, a measurement
result of a step-height sample is depicted in Figure 9.5 as an example. Curve 2
in the figure is only derived from the value of the z-interferometer; sharp peaks
at the rising and falling edge of the profile can be seen. Compared to curve 2,
curve 3 is calculated from both the value of the z-interferometer and the bending
of the cantilever (curve 1 in the figure). It has no abnormal sharp peaks at the
edge of the structure. It should be stressed here that exact synchronization is
the important precondition for realizing this idea.

As the benefit of the above idea, the M-SFM is able to be operated with a nearly
constant scanning speed. Compared to the former instrument where the position-
ing system has to set down at each measurement point by waiting a certain time,
this capability can significantly improve the scanning speed.

The scanning speed of the MSPM is changeable by selecting different speed
factors. Figure 9.6 depicts examples for measurements with different scanning
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Fig. 9.5 Cross-sectional profiles of a 292-nm step-height structure measured at a scanning
speed of 17.5 um/s are depicted. Curve 1 represents the bending of the cantilever during the
scanning. Curve 2 shows the profiler calculated using the z-interferometer value, and curve 3 is
the profile calculated using the combined value of the z-interferometer and the bending of the
cantilever. Curve 3 is shifted upward by 10 nm for clarity. This figure indicates that deviations
occur at the edges of the structure if the profile is only calculated from the z-interferometer
value; while the error can be compensated if the profile is calculated from both the z-interfe-
rometer and the bending of the cantilever.



9.5 A Measurement Example of Step-Height Standard
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speeds. The maximum scanning speed, up to now, is about 25 um/s. However,
the scanning speed should be properly selected according to the complexity of
the surface structures to be measured. The more complex the surface structure
is, the slower scanning speed should be selected to reduce the tip abrasion.

9.5
A Measurement Example of Step-Height Standard

In order to illustrate the achievable scanning quality of the improved instrument,
a measurement result of a step-height standard (reference value of 290.9 nm) is
shown in Figure 9.7. The measured results show a good agreement with the
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reference value, and they also illustrate the good repeatability at different mea-
surement speeds. These measurements confirm that the improved scanning
speed does not deteriorate the measurement performance.
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Combined Confocal and Scanning Probe Sensor
for Nano-Coordinate Metrology

Dmitri V. Sokolov, Dmitri V. Kazantsev, James W. G. Tyrrell, Tomasz Hasek,
and Hans U. Danzebrink

Abstract

The development of a combined confocal-scanning probe microscope (SPM) sen-
sor head is described. Wherein the SPM head is designed to be mounted with a
ring adapter around a commercial microscope objective. In these studies, an SPM
sensor based on a quartz tuning fork, equipped with a diamond tip, is applied.
The advantages of the described system are as follows:
1. Distance control of the probe relative to the sample surface is
realized on a self-sensing principle.
2. The diamond tip is robust enough for application in the
complete range of dynamic modes: noncontact, intermittent,
and nano-indentation.
3. Combination of an SPM and confocal objective allows the
operation as an opto/tactile probing system.

To process the signals of the tuning fork sensor a custom current-to-voltage
amplifier with a circuit for the compensation of the inherent capacitance of the
tuning fork was designed. Furthermore, a quality factor control was implemented
to improve the time-response characteristics of the sensor. The mechanical design
has been realized to allow the positioning of the probe relative to the microscope
objective and the swift exchange of the tuning fork sensors. Additionally, the
design permits the rotation of the sensors, so that its orientation with respect
to the sample surface may be changed.

The operation of the instrument has been established as a mechanical and
optical profilometer. For the first time, the use of the confocal setup as an optical
trigger during a two-step approach of the SPM probe has been demonstrated:

1. Quick and nondestructive “optically monitored” approach
within millimeter distances from the surface.

2. The piezo stage (at lower approach speeds) is used for the
final approach from a distance of a few micrometers from
the surface until mechanical “contact” is achieved.

Nanoscale Calibration Standards and Methods: Dimensional and Related Measurements in the Micro- and Nanometer Range.
Edited by Gunter Wilkening, Ludger Koenders Copyright (© 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
ISBN: 3-527-40502-X
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Moreover, the potential application of the tuning-fork-based sensor as a probe for
nano-coordinate measuring machines (nano-CMMs) is further discussed.

10.1
Introduction

Combined methods of surface sensing, imaging, and profiling based on a variety
of physical mechanisms of probe-sample interactions is of increasing interest in
the field of material science [1, 2], biology [3], and medicine [4, 5]. A number of
combined scanning electron microscopes (SEMs) with scanning probe micro-
scopes (SPMs), and optical (conventional, confocal, and interference) microscopes
with SPMs have been designed and some of them are even available commer-
cially. The combination of “soft” optical or electron-beam probes with “hard”
SPM probes provides the possibility of a comprehensive surface investigation
and dimensional metrology. Contrary to SPM probes, the optical probes are con-
sidered as the ideal solution for a quick and nondestructive imaging of large sam-
ples. However, imaging with optical methods suffers from a number of factors:
poor lateral resolution, diffraction artifacts, dependency on optical properties of
the surfaces, etc. For SEMs the lateral resolution is high but the large depth of
focus impedes surface profiling. Another restriction for SEMs is the necessity
of placing the system in vacuum. However, these factors do not play a significant
role for imaging with SPMs.

SPMs and optical profilometers are not only important for the use as imaging
tools. Another quickly growing area of interest where the combination of different
mechanisms of probe-to-sample interactions plays an important role is the field of
nano-coordinate measuring machines (nano-CMMs). Standard and future appli-
cations of nano-CMMs are the topographical and geometrical analysis of micro-
lenses, micro-electromechanical system (MEMS) or nano-electromechanical sys-
tem (NEMS), and magnetic read/write heads for hard disk drives. These compo-
nents are fabricated on a microscale, while nanoscale surface roughness and
nanofabrication defects impact their performance strongly. With the measured
dimensions approaching nanometer level the conventional methods of CMM
touch trigger probes with micro-to-millimeter-sized probing tips and tip-to-sample
forces in the mN range become critical from the point of view of the spatial reso-
lution and tip-induced modification of nanostructures. Here, the combination of
optical and mechanical probing in a low force, dynamic mode is promising for
operations described above.

The main topic of this chapter is the development of a probing system based on an
optical confocal sensor with the focus point placed several micrometers below the
mechanical SPM probe. This combined system works in the following two modes:

1. Imaging mode based either on optical, confocal, or on SPM
techniques (Section 10.3.1).

2. Single axis measurement mode with confocal or SPM
“contact” sensors (Section 10.3.2).
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10.2
Instrumentation and Experimental Details

Confocal laser microscopy is conventionally used in material science [6, 7], biol-
ogy [8, 9], and medicine [10], but is still an actively evolving method. Confocal
laser microscopy is utilized in these areas due to its superior lateral resolution
and especially of its high sensitivity to axial displacements of the sample com-
pared to conventional optical microscopy [11, 12]. Such a unique property of
depth discrimination with nanometer resolution makes the optical tracking of
surfaces in reflection mode as well as distance sensing, proposed earlier by
Corle et al. [11], possible.

In the system, presented here, a commercial optical ZEISS microscope serves
as a platform for the combined confocal-scanning probe microscope (Figure
10.1). The illumination and detection paths of the confocal setup are assembled
from standard “Microbench” parts (LINOS GmbH) and attached to the upper out-
let of the microscope. A laser beam (4 = 632.8 nm) is widened to fill the aperture
of the objective and focused afterwards to a spot with a diameter close to the
diffraction limit. The light which is reflected from the surface and passed through
the microscope is focused to a mechanically fabricated 100 um diameter pinhole
by the focusing lens L2 (F = 100 mm). The total magnification of the confocal
setup is dependent on the objective attached and could be up to 500 for a 100
X objective. Alignment of the reflected laser beam with respect to the pinhole
is initially monitored by a CCD camera, and replaced by a photodiode for imag-
ing. The pinhole serves as a spatial filter to collect only light coming from the
focal plane of the objective. Depth discrimination in this setup is determined
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Fig. 10.1 Principal schematics of the he{g%I XYZ
conventional optical microscope with the piezo
integrated confocal setup, SPM head and XYZ- c t
piezo stage mounted on a coarse Z-stepper I oarse stage
motor. Z motor
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by the numerical aperture (NA) of the objective and a combination of the total
magnification of the system and effective diameter of the pinhole [12].

The high numerical aperture microscope objective with a large working dis-
tance is a key element in such a setup. Here, the high numerical aperture defines
high resolution in the confocal measurements [11, 12], while a large working dis-
tance is needed for placing the SPM probe between the objective and the surface
[13]. In the presented setup a microscope objective ZEISS Epiplan-NEOFLUAR
100X /0.75, with a working distance of about 4 mm (Figure 10.2(b)), serves as a
base for the SPM probe holder (Figure 10.2(a)). Scanning of the sample is per-
formed by an XY-piezo stage with an integrated capacitive position control (Physik
Instrumente GmbH) with a range of 100 um X 100 um. The feedback loop,
necessary for both the optical and SPM profiling, is based on a combination of
an SR830 DSP lock-in amplifier (Stanford Research Systems Inc.) and an Easy-
Scan controller (NanoSurf AG). The Z-motion is performed by a fast Z-piezo
stage with integrated capacitive position control (Physik Instrumente GmbH),

Laser Objective
e
pea #| Tuning
fork
holder
f
7
a)

Fig. 10.2 Combined confocal-scanning probe
microscope: (a) principal schematics of the
combined confocal-SPM head, (b) ring-like
mount of the tuning fork sensor arranged
around the commercial ZEISS Epiplan-
NEOFLUAR 100X /0.75 objective, and (c)
tuning-fork-based sensor with 90° diamond tip.
The maximum distance between the focal
plane of the confocal objective and the apex
of the tip is about 1.4 mm.




10.2 Instrumentation and Experimental Details

while a Z-stepper motor platform (OWIS GmbH) and an XY-manual microscrew
positioning stage carries out the coarse motions.

The application of a self-sensing quartz tuning-fork-based probe eliminates
additional alignment of optical elements in comparison to optical lever configura-
tions. The piezoelectric effect of the quartz is used for both, driving the oscilla-
tions of the tuning fork near its resonance frequency with ac voltage applied,
and simultaneously detecting the current induced by the tuning fork deflection.
In such a way, the self-sensing of the tuning fork deflection is achieved by the
detection of the current induced by the bending of the tuning fork.

The use of a diamond crystal as a tip attached to the tuning fork [13] allows for a
measurement range of dynamic modes: noncontact, intermittent contact, and
nano-indentation. The possibility of a quick and nondestructive investigation fol-
lowed by surface modifications with nanometer precision is of increasing interest
in material science [14] and is a promising tool for nanotechnology [3]. Two dif-
ferent diamond tips with full angles of 60° and 90° were constructed and tested.

To improve the performance of the tuning fork sensor system, a custom-made
preamplifier is applied. Therein the compensation of the intrinsic capacitance of
the tuning fork is realized while controlling the quality factor of the tuning fork
assembly.

Both the confocal profilometer and SPM are very sensitive to mechanical vibra-
tions. Therefore, placing the microscope on an actively damped antivibration table
(HERZAN MOD-1) attenuates the seismic disturbances. Furthermore, the micro-
scope is enclosed within an environmental chamber constructed from Perspex
panels supported on an aluminum frame to minimize exposure to external acous-
tic and thermal noise, as well as to dust.

In order to perform optical profiling, lock-in detection methods are applied. The
sample is oscillated by the Z-piezo with a frequency of about 1 kHz and an am-
plitude of a few tens of nanometers. This oscillation induces the ac component in
the detected optical reflection signal, which is processed by the lock-in amplifier.
The resulting dc component of the lock-in output is used as a feedback signal and
sent to the Z-piezo actuator to keep the surface in the focal position.

Optical triggering based on the lock-in signals is realized by means of a custom-
designed controller, which will be described in more details in a forthcoming
chapter. The controller is mainly intended to control the sample-to-probe coarse
approach speed independently for the optical and SPM probes. Furthermore,
the controller stops the approach by a set of criteria’s (trigger signals or thresh-
olds), protects the SPM tip from crashing into the surface, and serves as an emer-
gency switch. The interruption of the approach takes place when the combination
of amplitude and in-phase signal for the confocal mode exceeds the pre-set
threshold value, or the RMS value of the tuning fork oscillation amplitude
drops below the corresponding pre-set threshold.
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10.3
Results and Discussion

10.3.1
Imaging in the Confocal and SPM Mode

Figure 10.3 shows an optical image of a PTB test sample acquired in the confocal
mode. The sample was manufactured at PTB using electron-beam lithography
and contains Au/Pd test patterns on a silicon substrate. The image is taken at
the highest possible scanning rate for this setup:
1. Scanning rate is software limited to 0.138 s per line
(=0.58 mm s~ ' for 80 um scans).
2. Data sampling rate of 256 X 256 pixels per image gives
310 nm per pixel that corresponds to 2 pixels for an optical
resolution limit of 620 nm.

Such a combination of data sampling rate for the given scan size is limited by the
data acquisition system for the SPM mode as well. In other words, imaging of the
SPM areas exceeding 80 um with such data acquisition parameters gives no con-
siderable advantage compared to confocal microscopy, but instead suffers from
scan speed limitations together with the danger of tip wear or sample surface
modification.

However, the superior lateral resolution of an SPM can be achieved at smaller
scan ranges. Figure 10.4 shows profiles of the same scan area of the PTB test
sample. The profiles have been recorded in both the confocal profilometry and
SPM mode. Here, artifacts associated with the confocal mode can be easily distin-
guished (multiple lines in the upper right corner in Figure 10.4(a)). These lines
are not present in the high-resolution SPM images. FWHM of the features are
in good agreement with each other and are about 1.2 um for the bigger circles.

Fig. 10.3 Optical image of the PTB test
sample taken in the confocal mode (scanning
speed of 0.58 mm s™).
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Fig. 10.4 Images of the PTB test sample recorded in the confocal and SPM mode. (a) Topo-
graphy image recorded in the confocal tracking mode. Scan area of 20 um X 20 um, and a
scanning speed of 20 um -s™. (b) Topography image taken in the SPM mode. Scan area of 20 um
X 20 um, and a scanning speed of 4 um-s™. (c) Cross section of images (a) and (b).
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All circular features have plateaus in the SPM profile and only the 1.2 um features
have plateaus in the confocal profile. Measurement of the slope width (10-90%
criterion) of the structures gives values of about 350 nm.

Figure 10.4 also gives an insight to a height artifact observed in the confocal
mode when compared to the SPM mode: height values 30 nm versus 15 nm, re-
spectively. Given the observed discrepancy in height values, a brief study was per-
formed using a similar setup with a ZEISS Epiplan 50X /0.7 objective to investi-
gate the optical tracking of thicker and wider chromium structures deposited on
glass (photomask sample). An edge effect in confocal profiles is observed for set-
ups with pinholes of diameters varying between 0.1 and 0.5 mm (Figure 10.5(a)).
The step height deduced from the profiles is about 100 nm (after removing the
edge effect) and is within a few nanometers close to the fabrication data of the
structure. A confocal optical image taken simultaneously with the confocal profi-
lometry measurement showed resolutions close to 600 nm (Figure 10.5(b)). In
such a way, the increase in height of the confocal profile compared with the
SPM profile (Figure 10.4(c)) can be explained in terms of the observed edge effect
caused most likely by the diffraction processes on the edges of structures. In other
words, if the lateral size of the feature is close to the resolution of the system, the
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Fig. 10.5 Optical imaging and profiling of a 100 nm step Cr film on glass (photomask sample)
in the confocal mode. (a) Top view of the 100 nm step profile for a pinhole diameter d = 0.1 mm
and a series of profiles for d = 0.1, 0.2, and 0.5 mm. A plateau in the upper profile (d = 0.5 mm)
is due to the limitations of the Z-piezo working range. (b) Reflectivity image of the sample
surface taken simultaneously with the confocal profile (d = 0.1 mm) and reflectivity profiles for
pinhole diameters 0.1, 0.2, and 0.5 mm.

appeared height of the feature is determined by the edge effect and exceeds the
real value.

This study demonstrates the strong advantage of a combined sensor head ar-
rangement. Once calibrated against a reference material (as discussed in [15]), the
SPM module is able to verify step height values acquired using the optical methods.

In order to compare the tracking performance of the confocal setup with the
noise measured in the SPM mode, measurements at 0 nm scan range were per-
formed. The noise level for the confocal setup is about 1.5 nm (p—v) and is in good
agreement with the values obtained with the SPM, which may indicate that the
performance of the setup is limited by the mechanical stability of the setup
and not by the measurement method.

10.3.2
One-Dimensional Optical and SPM Measurements

In this chapter, the sensor head is used for one-dimensional measurements
normal to the surface. Two experiments have been performed to investigate the
applicability of the optical focus signal as a trigger for a quick and nondestructive
SPM probe approach to the sample surface, and to research the potential of the
tuning-fork-based SPM probe as a probe for nano-CMMs.
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Fig. 10.6 Confocal/SPM probe approach procedure: (1) Z motor is driven for a distance of
Zmoton @and stopped automatically with the sample surface in the focal plane of the confocal
setup. (2) Z motor is driven for a distance of Z,,,» until the gap between the SPM tip and
sample surface falls within the working range of the Z-piezo (2 um). (3) Contact of the SPM
probe and the surface is achieved by extending the Z-piezo.

During the first experiment, the sample is driven towards the tuning fork probe
from a distance of a few millimeters as shown schematically in Figure 10.6. The
approach is stopped when the sample surface meets the focal plane of the confo-
cal setup. This corresponds to a travel for the Z motor of a distance Z,,, 1. Then
the motor is driven for the pre-set distance Z, .., to place the diamond probe
within the range of the Z-piezo stage (2 um). Then the Z-piezo is engaged
until contact is achieved between the SPM tip and the sample surface. At this
point, the position of the Z-piezo stage is calculated from the displacement
value acquired from the capacitance sensor of the piezo stage.

Figure 10.7 shows the results of the measurements of the distance Z,,, = Zqtor2
+ Zpieso between the focal plane of the confocal setup and the diamond tip.
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deviation of Z,,, is 0.54 um).
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Approach to the optical “contact” with the surface is performed with a speed of
16.5 um - s™'. Average Zomp 18 1.436 mm with an absolute deviation of 1.65 um
(p-v) and a standard deviation of 0.54 um.

The precision of the sample positioning with respect to the optical probe’s focal
plane for the given approach speed is limited by the performance of the controller
electronics and by the mechanical limitation of the coarse positioning system. A
significant improvement of this precision is expected after the realization of a
feedback control of the Z motor position by amplitude or in-phase signal from
the lock-in amplifier.

The second experiment involved a series of measurements of the distance Z,,
(see Figure 10.6) between the sample surface with Z-piezo fully withdrawn and
the surface in contact with the diamond tip. In this case the Z motor position
was fixed and only the Z-piezo was moved.

Figure 10.8 shows the results of the measurements. The approach to the me-
chanical “contact” with the surface is carried out with a speed of 0.78 um - s,
The average distance, Zp;c,,, is 1015.34 nm with an absolute deviation of 3.72 nm
(p—v) and a standard deviation of 1.34 nm. These values are in good agreement
with the data from vibration measurements performed with the SPM probe
kept in contact with the surface. The achieved values with a standard deviation
close to 1 nm confirm the potential of the diamond-based tuning fork probe as
a probe for nanometer coordinate metrology.

The differences in the deviations of coarse (Figure 10.7) and fine (Figure 10.8)
approaches can be explained due to different measurement conditions concerning
mechanics and physical tip—surface interactions: (1) coarse movement of mechan-
ical parts and confocal sensor focal depth (um range) is large compared to (2)
piezo stage motion and SPM tip—sample interaction region (nm range). Addition-
ally, the approach speed for the confocal triggering was set 20 times faster com-
pared to the SPM approach speed. The correlation of the standard deviation va-
lues (1.14 X 10 * and 1.32 X 10 for the coarse and fine approach, correspond-
ingly) given in relative units indicates close signal-to-noise levels for both modes.
Future work will have to be performed in order to reduce or isolate the systems
noise levels.
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10.4 Summary and Conclusions

Although the operation of the setup with nanometer precision is demonstrated,
further improvements of the measurement procedure in direction of an indepen-
dent interferometric position control of the diamond tip and the sample surface is
considered promising [16].

10.4
Summary and Conclusions

The key outcomes from this work can be summarized as follows:
« An SPM compact sensor head has been designed and constructed
to be mounted around a conventional high numerical aperture
microscope objective, making it compatible with commercial
microscopes including an optional add-on home-built-integrated

confocal microscope.

+ The self-sensing mode of the operation of the tuning fork SPM
sensor eliminates the need for additional optical components and
accidental illumination of the surface.

+ The natural diamond-tip-based tuning fork probe is robust for
application in the complete range of dynamic modes: noncontact,
intermittent contact, and nano-indentation.

+ The combination of conventional optical microscope, confocal
profilometer, and scanning probe microscope ensures the opera-
tion of the system in a number of modes: selection of the area of
interest with respect to the optical and SPM probes, quick optical
sampling of sub-millimeter areas with sub-micrometer resolution
followed by nondestructive profiling in the confocal mode, and
the precise imaging of micrometer-sized areas with SPM.

+ Optical sensing of the surface is exploited as a trigger, whose
values are directly used in the automatic approach of the SPM
probe from millimeter distances.

« For the first time, the potential of the diamond-based tuning fork
sensor as a probe for nano-coordinate measurements is demon-
strated.

+ In a future step a fiber-based confocal-tuning fork sensor head is
to be built, based on the demonstrated principle and fixed to a
mobile metrology arm of a CMM.

The authors foresee the role of the combined opto/tactile sensor as probing sys-
tem in coordinate metrology. The goal is to bridge macro-, micro-, and nanoscales,
and finally to measure nanostructured surfaces on even macroscopic samples.
Furthermore, the authors envisage the instrument’s use as a profilometer, 3D
scanner of surface topography and nanoindentor to obtain material characteris-
tics. The systems wide range of measurement capabilities could be of great
value to many manufactures (e.g., optics, microelectronics [17], and computer
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hard drive manufactures to name a few). However, this system is also of great in-
terest to biologists, chemists, and medics who are, e.g., interested in 3D profiles
of individual cells.
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Combined Shear Force-Tunneling Microscope with
Interferometric Tip Oscillation Detection for Local Surface
Investigation and Oxidation

Andrzej Sikora, Teodor Gotszalk, and Roman Szeloch

Abstract

In view of the rapid growth of interest in atomic force microscopes (AFMs) in the
investigation of surface properties and local surface modification, the modular
shear force/tunneling microscope is herein described. The presented setup is
based on the fiber Fabry—Perot interferometer for the measurement of conductive
microtip oscillation. An advantage of this system is that the quantitative measure-
ments of tip vibration amplitude are easily performed. Moreover, the presented
setup is extremely sensitive and compact.

Using the aforementioned measurement system, the quantitative measurement
of probe dither motion with a resolution of 0.01 nmgys in a 100 Hz bandwidth is
possible. The optical detection system allows one to apply voltage to the conduc-
tive microtip. In this case, the microtip can be used as an electron-beam (e-beam)
source for nanolithography or as a collector of field emission current flowing be-
tween the surface and the microprobe. Some preliminary results of experiments
will also be presented.

11.1
Introduction

Scanning force microscopy [1] is one of the many scanning probe techniques de-
veloped after the invention of scanning tunneling microscopy (STM) [2]. In atom-
ic force microscopy (AFM) the force interaction observed between the microtip
mounted on the cantilever and the investigated surface is utilized for the surface
characterization. Several measurements techniques can be applied for the detec-
tion of force interactions acting on the microtip. One of them is the shear-force
microscopy (SHFM). By this technique, the electrochemically etched tapered
wire is mounted perpendicularly to the sample. This tip oscillates laterally to
the surface near one of its mechanical resonant frequencies. At a distance of a
few nanometers from the surface in question oscillations become dampened

Nanoscale Calibration Standards and Methods: Dimensional and Related Measurements in the Micro- and Nanometer Range.
Edited by Gunter Wilkening, Ludger Koenders Copyright (© 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
ISBN: 3-527-40502-X



11.2 Instrumentation

out by shear forces. This may then be used for tip-sample distance regulation and
may also be used as a basis for high-resolution topographical imaging. An accu-
rate measurement of the true oscillation amplitude of the tip is crucial informa-
tion, which allows us to use this tool with more confidence [3]. Moreover, for the
purposes of high measurement sensitivity it is desirable to use as low an oscilla-
tion amplitude as possible for two reasons: in order not to lose the lateral resolu-
tion of surface measurements and in order to extend the lifetime of the microtip.

In parallel fundamental studies [3-7], several nanometer-scale devices such as
single electron [8] and metal-oxide [9] transistors, quantum wires [10], high-den-
sity memory chips [3, 11], and Josephson junctions [12] have illustrated some of
the nanoelectronic applications. Machining of silicon structures has also been
demonstrated by an AFM oxidation [13]. Furthermore, local oxidation lithography
is compatible with the operation of parallel tip arrays [14].

Because of an interest in the local electrical properties of the surface, different
experimental setups were also proposed [15] as combined methods with the SPM
[16-19]. Such methods can be used for correlating topography with certain elec-
trical parameters of the surface.

11.2
Instrumentation

In our setup, a single-mode optic fiber is fixed at the distance of a few microns
from the reflecting surface, whose deflection is monitored. The interference be-
tween the light reflected from the fiber—air interface and the backscattered light
from the reflecting surface is monitored with an optical detector. In our interfe-
rometer design, we use the single-mode DFB pigtailed semiconductor laser
(Mitsubishi) emitting 1313 nm wavelength with full width at half maximum
(FWHM) —0.1 nm (Figure 11.1) as a light source.

201 Mar 14 19:58

DFE=LD AMALYS[S> 0. B WD - B, 128mm A:F# <BLE
SHSR ¢ 36.TodB MODE OFFSET : B, 23Trm E:FIx BLE
P WL & 1313, 116mm P LUL ¢ 0. Z5dBm

af

5. BdE-D RES:0.0%mm  SEWS:NORM HLD AUG: 1 SPL: 81

A PREF-
dEm

T o

Fig. 11.1  Single-mode DFB :
semiconductor laser emission 131%_fz
curve. e

AV - . —
8. 1Brm-T 1313. 62rm

145



146

11 Combined Shear Force—Tunneling

Because backscattered light from any junction in the optical fiber system can
disturb the operation of the laser diode, we use the solid-state optical Faraday iso-
lator (40 dB) to ensure the proper laser light emission. In our system, we utilize a
built-in laser diode isolator, which accurately fits the wavelength of the light
source and is insensitive to mechanical vibrations. One of the fiber ends of the
bidirectional coupler (50%/50 %) is connected directly with the optical isolator.
The wire with the microtip is mounted close to the well-cleaved fiber end of
the coupler (Figure 11.2(a)) and is excited to the point of oscillation with a piezo-
actuator (Figure 11.2(Db)).

3
4. m. o
é VIR | :
e
2

7 //fé/ ,'./ _.'L ;
r./

Fig. 11.2 Scanning head — scheme (a) and
i ™~ 5 view (b) ((1) mainframe body, (2) piezotube,
(3) piezoactuator, (4) scanning tip, and (5)
,M. optical fiber).
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11.2 Instrumentation

The signal photodiode (Figure 11.3) detects the interference of light reflected
from the interferometer fiber end and microscope wire.

Because of high interferometer stability and external disturbance immunity the
setup was placed on a granite plate and covered with an electromagnetic and ther-
mal shield.

To obtain high-resolution and high-fringe stability the interferometer light
source was supplied with a high-precision home-made current source, which
ensures current supply stability in the range of +30 ppm (Figure 11.4). The tem-
perature of the laser was controlled by a Peltier cooler with a stability of +5 mK
(Figure 11.5). Results of laser stability measured with an optical spectral analyzer
— Ando AQ-6315B — are shown in Figure 11.6. We tested the interferometer sen-
sitivity by moving the wire away from and toward the interferometer fiber and
simultaneously recording the interferometric fringes. If the amplitude of the
wire movement was greater than 1/4 then we observed the pattern shown in
Figure 11.7. In order to measure a single nanometer of the tip oscillation ampli-
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tude — on the slope of the interferometric fringe — dc voltage can be applied to the
piezoactuator, which excites the scanning tip.

The sensitivity of the developed interferometer can be calculated on the slope of
the recorded signal — in our design we obtain a sensitivity of 2 mV/nm. It should
be noted that the distance between the interferometer fiber and the wire with a
microtip must be adjusted with the piezoactuator so that the working point is
placed on the linear part of the slope. A lock-in signal detection method with a
sensitivity of 200 mV/nm and an output signal noise level of 2 mVyys (Figure
11.8) gives a resolution of 0.01 nmgyg at a 100 Hz bandwidth.

The scanning tip is connected to the home-made I/ U converter, which is placed
next to the measuring head. As the main part of the converter precision, an elec-
trically isolated operational amplifier OPA111 was used. The I/ U converter is con-
nected to the amplifying/biasing module, which can be controlled remotely (via
scanning software) or manually. Module allows us to measure current with sen-
sitivities from 100 pA/V to 100 nA/V. Internal PID loop allows us to work in con-
stant voltage or constant current regime. The scanning tip is connected to the
home-made I/U converter which is placed next to the measuring head. As
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Fig. 11.9 SEM tungsten tip photo.
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Fig. 11.11  Approach curves. A tip-sample distance equal to 0 nm was set arbitrarily.

main part of the converter precision, electrically isolated operational amplifier
OPA111 was used. The I/ U converter is connected to the amplifying/biasing mod-
ule, which can be controlled either remotely (scanning software) or manually. The
module enables one to measure the current with sensitivities from 100 pA/V to
100 nA/V. An internal PID loop makes it possible to work in either a constant
voltage or constant current mode.

In our experiments, we used electrochemically etched tungsten wires (Figure
11.9). The diameter of the tungsten tip was 120 um and the length varied from
5 to 7 mm, which corresponds with the wire spring constant in the range from
1 N/m up to 3 N/m. The typical length of the tungsten wire is 6 mm, which cor-
responds with a resonance frequency of 12 kHz (Figure 11.10).

The typical Q-factor of the wire resonance is 100-200.

The application of weaker wires enables the detection of smaller forces but the
scanning process is more time consuming and sensitive to acoustical distur-
bances.

The tip-sample distance is controlled using the shear-force detection method.
As the tip approaches the surface, the oscillation amplitude decreases and
phase shift appears (Figure 11.11).

Tip—sample distance control with high accuracy is possible by using a lock-in
signal detection from the interferometer.

The process is controlled by a PC with a plug-in A/D-D/A card — Keithley DAS
1702. The scanning process controlling the “Topo-Scan” program was developed
at the Laboratory of Scanning Probe Microscopy, Nanostructures, and Nanome-
trology and allows one to control both 4 D/A and 6 A/D 12 bit converters. The
simplified scheme of the setup and view is shown in Figure 11.12.

Environmental conditions are monitored with a compact integrated tempera-
ture/humidity digital sensor. The relative humidity in the measuring chamber
can be changed from 1% to 80 %.

For setup tests the HOPG sample was used. The topography and cross section
is shown in Figure 11.13. The height of the monolayer is approximately 0.35 nm
and corresponds with other results.



Fig. 11.12 Simplified scheme and view of

the setup.

Fig. 11.13 HOPG surface
and cross section.
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11.3
Local Surface Electrical Properties Investigation

For tests of the emission current detection module the HOPG sample was
scanned. The emission curve was measured for both bias polarizations (Figure
11.14). This setup opens up the possibility of researching local electrical material
properties and correlating it with the topography of the surface [15].
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Fig. 11.14  Field emission
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The emission current can be described as follows:
I=]-A
I=JA
[~ C-E? p{ B-¢ 3% v(y) }
¢ -t(y) E CE2 Bg 32u(y)
J= ——expy- !
P(y) E

where A is the emitter area, E is the applied electric field, ¢ is the work function
of the metal, B and C are the constants, and v(y) as well as t(y) are the functions
which arise due to the inclusion of image charge effects.

1.4
Local Surface Oxidation

The oxidation procedure is an integral part of the “Topo-Scan” program. Process
data are placed in a .txt file and can be easily modified using, for example, a stan-
dard word processor. The following parameters are available: X, Y are the start/
stop point coordinates, t; is the in-point waiting time, t, is the tip moving time
constant, and U is the tip applied voltage. Local oxidation was performed in con-
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stant voltage mode. In distinction from pulse mode, in the presented case, the
voltage was applied and the scanning tip was moved from the starting point to
the stopping point.

A silicon surface for local anodization was used. The process was performed in
ambient conditions (air temperature: 21°C, and RH: 42 %).

The experiment was performed in the following five steps:
« Scanning topography before the process (Figure 11.15).
* Process 1 (two lines: vertical and slanted line speed: 0.5 um/s and

1.5 um/s, respectively, applied voltage: 5V).
+ Scanning topography after the first process step (Figure 11.16).

30
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I + 1 + 1 + 1 +—t + |

Fig. 11.15 Surface before 1.600 um
process. ScanSize: 1,600 x 1.600 um 1284128 lines
T 91
1600um | Inm
1l 00
Fig. 11.16 Surface after 1,600 um

process (step 1). ScanSize: 1.600 » 1,600 um 128128 lines



154 | 11 Combined Shear Force—Tunneling

» Process 1 (two parallel, slanted lines speed: 1.5 um/s, applied
voltage: 5V).
+ Scanning topography after the second process step (Figure 11.17).

Obtained structures are typically 160 nm full width at half maximum (FWHM)
and 4 nm high.

nim
1.600 um Fig. 11.17 Surface after
ScanSize: 1,600 x 1.600 um 128x128 Ines process (step 2).
11.5
Summary

We presented experiments concerning the development and applications of
SHFM measurement instrument based on the fiber Fabry—Perot interferometer
for the measurement of the conductive microtip oscillation.

In order to obtain the high-fringe stability, the semiconductor laser work condi-
tions were stabilized in a range of +30 ppm/h for current and +5 mK/h for tem-
perature. As a result, we noted excellent power output and emitted wavelength
stability.

The advantages of the presented setup are extreme sensitivity and a compact
setup. Using the described measurement system, the quantitative measurement
of probe dither motion with a resolution of 0.01 nmygys in a 100 Hz bandwidth
is possible.

The presented setup can be used for local electrical surface properties investi-
gation as well as for local surface oxidation.
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12
Low Noise Piezoresistive Micro Force Sensor
L. Doering, E. Peiner, V. Nesterov, and U. Brand

12.1
Introduction

Stylus instruments are widely used for the measurement of surface roughness.
These instruments allow us to adjust the static probing force typically within a
range of 1 uN to 1 mN. For micro hardness measurements as well as for nondes-
tructive probing of surfaces, the precise knowledge of the probing force becomes
more and more important. Stylus instruments are calibrated by the manufacturer;
however, accurate measurements require periodic recalibration of the probing
force. The calibration can be obtained by using a suitable secondary standard,
for example a calibrated micro balance or a micro force setting standard.

In this contribution, the development, production, and test of an active silicon
sensor for the measurement and calibration of micro forces are described. The
sensor can be used as micro force setting standard for the calibration of tactile
probes such as nanoindenters and stylus instruments. Active sensor means
that the force to be measured is directly proportional to the output voltage of a
piezoresistive bridge. Passive sensors have already been described in detail in
the past [1]. They are etched from a silicon chip without further electrical contacts.
Several alignment labels are located on the sensor. Monocrystalline silicon was
used for both types of sensors, because it exhibits a highly linear elastic response,
shows no creep or aging behavior, and its dimensions and properties are only
weakly influenced by temperature changes.

Commercially available cantilevers for atomic force microscopes with piezore-
sistive signal read-out are only applicable within limits for force calibration pur-
poses [2]. Therefore we developed our own sensor based on a silicon cantilever
with integrated tip and piezoresistive signal read-out. Because the exact position
of the probing point must be well known, a special force ramp (the probing tip) is
used. The same loading point is used for the calibration of the stiffness and the
electrical sensitivity calibration as well as for the application as measurement
standard. First measurements show a high signal-to-noise ratio and a good repro-
ducibility.

Nanoscale Calibration Standards and Methods: Dimensional and Related Measurementsin the Micro- and Nanometer Range.
Edited by Gunter Wilkening, Ludger Koenders Copyright (© 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
ISBN: 3-527-40502-X
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12.2
Manufacturing of the Sensor

12.2.1
Computer Aided Design

In accordance with the requirements of the task a three-dimensional model of the
prototype was created, which has approximately the same geometric dimensions,
and investigated using a finite element analysis (FEM) analysis. More details are
given in [3].

The following points were particularly examined:
« the resonance frequencies of the system,
« the estimated mechanical stiffness,
« definition and verification of the design, in particular the lateral

position of the piezoresistive elements of the Wheatstone bridge

(see Figure 12.1).

Wheatstone piezoresistive
bridge

4

Si-cantilever

:ﬁ‘

integrated tip Fig. 12.1 Overview of the sensor design.

12.2.2
Manufacturing of the Sensor

The sensor is manufactured using conventional silicon processing technology
such as wet chemical etching, oxidation, lithography, evaporation, and diffusion.
The dimensions of the bending beam, which influence the mechanical properties
and also the dimensions and doping profile of the piezoresistive strain gauges,
which determine their electrical properties, can be varied in a wide range.

The seven process steps given in Figure 12.2 are necessary to manufacture the
sensor.

The voltage supply U, and the signal read-out AU are contacted by pressing
connector pins against the contact pads on the sensor (see Figure 12.3). Thus
wire bonds can be avoided. The contact resistance is less than 2 Q.

It is also possible to manufacture a truncated tip (see Figure 12.4), which is
especially advantageous while calibrating a micro hardness detection device. In
this case it is possible to use this flat area for probing with a sharp tip without
increasing the measurement uncertainty significantly. Figure 12.5 shows the
“normal” ordinary sharp tip.



Si0, (0.6 um)

Membrane;
oxidation, M
axide patteming, f Silicon k)
membrane etchin 4 \
(TMAH, KOH), ? ) ‘/ Si0, (0.6 um)  pembrane
oxide stripping, (120 um)
oxidation p-type region Si0, (0.6 pm)

[
Piezoresistors: L
boron diffusion | i
(1100 °C,05h) | S0, (0.5 pm)

i Si0. (0.6 um)
Tip: f il
oxide stripping, | E— ;
oxidation |:I '?
(1100°C, 1.5h), | g{f’ __Si0, (0.6 pm)
patterning L .
1 f Ill

tip etching l:" 1 N "“'\ Ti
(TMAH) \ / Membrane P

I

Fig. 12.2 Manufacturing of the sensor.

(50 pum)

contact pad
(AUlCr) -,

Fig. 12.3 Sketch of the micro
forc