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Line-to-line repetitive control of a 6-DoF hexapod stage for overlay
measurements using Atomic Force Microscopy
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Abstract— The overlay performance between different layers
of semiconductor devices is a key parameter for correct
functionality of such devices. With device features getting
increasingly smaller, there is a need for novel and more
accurate overlay metrology tools. This paper aims to increase
the positioning accuracy of such a novel metrology machine
below the nanometer by the application of repetitive control.
At the heart of the machine is a large stroke 6-DoF hexapod
motion stage, carrying a sub-nanometer accurate AFM head,
whose positioning accuracy during scanning is a key performance driver. The sample under examination during scanning
effectively forms an unknown repetitive disturbance on its
feedback loop. For this reason a line-to-line repetitive controller
in combination with decentralized feedback has been employed,
in which the base harmonic is defined by one full line-scan.
Experimental results on the machine with an emulated sample
demonstrate a significant performance improvement, achieving
nanometer accurate positioning while scanning. This shows that
repetitive control in a line-to-line domain is a potential enabler
for AFM-based overlay nanometrology.

I. INTRODUCTION
Correct functionality of a semiconductor device heavily
depends on the alignment of different patterns and features
between device layers, known as overlay, especially with features getting increasingly smaller in future. To monitor this
overlay during manufacturing accurate overlay metrology
tools are needed [1]. Most of the current overlay tools use
optical techniques to measure the layer-by-layer alignment
of marker features printed alongside the functional area,
presuming that this yields a proper alignment of the device
features. However, as illustrated in Fig. 1, the fine line pitch
device features (nanometer scale) are affected differently by
lithography lens aberrations than the coarser marker shapes
(micrometer scale), thus giving rise to measurement and
overlay errors, even when the markers are perfectly aligned.
As such there is a need for alternative metrology techniques.
Therefore, a novel overlay metrology tool (OMT) is currently developed [2], [3] by the Netherlands Organisation
for Applied Scientific Research (TNO), which aims to measure the location and exact shape of both the marker and
device features within each layer in a non-destructive way
using atomic force microscopy (AFM) [4]–[7]. To this end,
OMT combines a (sub-)nanometer imaging resolution AFM
head with a multiple-millimeter stroke 6 degrees-of-freedom
(DoF) hexapod positioning stage, creating a large dynamic
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Fig. 1: Coarse markers and fine features on two semiconductor layers; the overlay is normally assessed via measurement
of marker locations; the true intra-layer overlay also depends
on the marker-to-feature distances in both layers.

range nanometrology machine. This allows to directly determine the large marker-to-feature distance within each semiconductor layer, and subsequently the feature overlay, with
high accuracy. The stage is actuated by six voice coils and its
motion is measured by six interferometer arms mounted on
a separate metrology frame. The stage must be closed-loop
controlled in all six DoF, aiming for rotations below 0.1 µrad
root-mean-square (rms), to minimize Abbe errors [8], [9]. In
[3] initial controller designs for this open-loop unstable 6DoF hexapod stage have been presented, based on controloriented modeling and experimental data, which yielded a
positioning performance of about 1 nm rms at stand-still.
However, during an AFM overlay measurement the stage will
scan over non-smooth features, yielding additional motioninduced tracking errors. Still, the objective is to keep the
error in the 1 nm rms ballpark while carrying out such scans.
The aim of this paper is to improve the tracking error
during scanning, in preparation for integration of the actual
AFM head, by presenting several controller improvements.
First, the stand-still performance is improved by finetuning the decentralized multiple-input-multiple-output (MIMO)
controller [10], [11] based on the measured power spectral
density (PSD) of the position error. Next, an asymmetric
semiconductor sample is emulated in the software, and an
AFM controller is designed which forces the stage to track
this sample. The repeatability of the additional motioninduced errors in the topology measurement of the sample is then exploited in an additive line-to-line repetitive
controller (RC) [12], [13], which successfully suppresses
these errors. Previous work on RC for AFM applications
[14]–[16] focused mainly on improving the x, y scanning
motion of the AFM stage, whereas in this work we utilize
RC to improve the (unknown) topology measurement in z.
By choosing the base period of this RC equal to the scan
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Fig. 2: Visualization of the overall OMT machine concept.

time of a single line scan, a very robust implementation is
formed [17], [18] which does not need any knowledge on
the periodicity of the sample and can thus be applied to any
unknown asymmetric topology. This RC approach improves
the tracking performance with about 70 % within only 2 or
3 line scans. This paves the way for faster feature scanning
while maintaining nanometer accuracy.
This paper is organized as follows. Section II shortly
introduces the OMT and discusses the control problem
definition. In Section III the improved decentralized control
approach is presented, which forms the basis of the applied
RC discussed in Section IV. The main experimental results
are also presented in this section. Finally, the conclusions are
summarized in Section V.

Fig. 3: Top view picture of the OMT motion stage, before
integration of the AFM head. Photo: TNO / Henri Werij.
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Fig. 4: Representation of the OMT-AFM control architecture.
Note that for simplicity only translations x, y, z are denoted,
since all stage rotations are controlled to zero.

II. P ROBLEM DEFINITION
In this section the OMT is introduced, and the control
challenges considered in this paper are outlined. More details
on the system and its hexapod stage can be found in [2], [3].

stage moves along the sample in x, y, the stage will track
the topology of the sample in the vertical direction z, hence
returning a (sub-)nanometer image of the topology.

A. System overview
The heart of the system is a triangular positioning stage
which carries an AFM head and positions it with respect to
a to-be-inspected part of a wafer, as schematically depicted
in Fig. 2. The stage is configured like a hexapod, actuated
by six voice coils via flexural hinges and guided by air
bearings (see Fig. 3); three 2-DoF interferometers measure
the stage motion in six directions with respect to a separate
metrology frame. The stroke is mechanically constrained by
end stops to an 8 mm hexagonal area 4 mm high. Three
magnetic gravity compensators on the corners of the stage
minimize the voice coil power consumption, but also make
the stage open-loop unstable [3]; the stage thus always needs
a stabilizing feedback in all six DoF to operate.
The AFM head can be mounted in the central hole of
the stage, and contains the AFM cantilever, a laser source
and an optical beam deflection (OBD) sensor to measure the
deflection of the cantilever. During an AFM measurement
[4] the stage brings the cantilever in close vicinity of the
sample wafer, where tip-sample interactions will cause the
cantilever to deflect; dependent on the operational mode, this
can be either a static (contact mode) or dynamic deflection
(tapping mode). By keeping the OBD signal constant as the

B. Control problem description
To enable such highly accurate feature topology measurements, an appropriate control architecture and controller
design needs to be implemented. Fig. 4 shows that for
OMT two cascaded loops are proposed, which both run at
a 10 kHz sample rate. The first loop controls all six DoF
of the hexapod stage with a high as possible bandwidth
and performance, yielding a closed-loop response Thex from
reference r to stage output y. The reference is defined by the
desired scan motion rxy and the expected sample height rz .
When in the vicinity of a sample the vertical stage
position yz will yield a cantilever deflection δz through the
AFM cantilever dynamics GAFM . Since the first cantilever
resonance is at several tens of kHz, this GAFM is much faster
than the stage dynamics Thex and can thus be considered to
be static below the Nyquist frequency. The actual deflection
δz is compared to a desired value δref , which is input to the
AFM controller CAFM , which modifies the vertical setpoint
of the stage in order to keep the deflection error eδz small.
Awaiting the fabrication and integration of the actual AFM
head, the sample behavior had to be emulated in software.
To this end, an artificial sample map Ds (x, y) has been
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Fig. 6: Characteristic loci λi (L(jω)) of the MIMO openloop L(jω) = Ghex (jω)Chex (jω).
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Fig. 5: Measured MIMO FRF of G(jω) (black) and decoupled Ghex (jω) = Ty G(jω)Tu (red).

defined, which returns a disturbance ds on the stage vertical
setpoint rz , dependent on the actual in-plane stage position
y xy . Since the features to be measured are unknown a priori
and not necessarily repetitive, the map Ds is selected to be
asymmetric, with variations in feature pitches and heights.
However, since line scans are often repeated to decrease
measurement uncertainty, and because during planar scans
line topologies often repeat from line to line, a ‘plug-in’
repetitive controller [17] RAFM in the AFM loop could
improve the deflection error eδz between scans. The designs
of the controllers Chex , CAFM and RAFM are subject of
discussion in this paper.
III. M OTION STAGE FEEDBACK CONTROL
To control the 6-DoF motion stage a decentralized approach [10], [11] has been employed. The decoupling matrices and controller design presented in [3] are improved
based on examination of the PSD of the position error.
A. Identification and decoupling
The black lines in Fig. 5 show the experimentally obtained frequency response function (FRF) of the motion
stage G(jω), where columns represent separate voice coils
and rows separate interferometer channels. This data was
captured in closed loop, with the decoupling matrices and
controller of [3] in place.
The output matrix Ty is kept identical to the one presented
in [3], since it transforms the sensor readouts to rigid-body
coordinates (x, y, z, φ, θ, ψ) at the AFM cantilever tip, which
are the true performance variables. However, for the input
decoupling a data-based approach is employed now, in which
Tu is based on the real-valued alignment of the inverse [10]
of the average rigid-body dynamics of the plant Ty G, i.e.
!−1
1 X
2
T̄u =
(jω) Ty G(jω)
,
(1)
nω ω
rb

where nω is the number of data points in the frequency
range ωrb where the plant has rigid-body behavior. The
final Tu is obtained by scaling T̄u with the diagonal of its
inverse, so that the diagonal of the decoupled system has
a similar amplitude as the diagonal of the original plant.
The resulting decoupled system Ghex (jω) = Ty G(jω)Tu is
shown in red in Fig. 5, where columns now represent specific
input combinations (defined by Tu ) and rows rigid-body
coordinates. This indeed shows much improved decoupling,
resulting in diagonal dominance in the rigid-body regime.
B. Decentralized controller design
Next, six decentralized single-input-single-output (SISO)
controllers have been designed for the six diagonal elements of the decoupled plant Ghex (jω) using loopshaping
techniques. The previous design [3] achieved excellent lowfrequency attenuation, but also yielded rather ‘peaked’ PSDs
around the bandwidths. The updated design attempts to
flatten these PSDs by using the waterbed effect [11]; lowfrequency performance has been traded in for higher bandwidths and smaller PSD peak values (e.g. by using single
instead of double integrators). The controller complexity is
still kept low (fourth order); for each axis only an integrator,
lead filter and a notch or second-order low-pass filter has
been used. MIMO stability has been confirmed using the
characteristic loci, shown in Fig. 6; the six loci combined
make the same number of counter-clockwise encirclements
around (-1,0) as the plant has unstable poles [11].
After implementation of the decoupling matrices and decentralized controllers, the OMT closed-loop error at various
stand-still positions have been measured; one specific result
is shown in the PSDs of Fig. 7. Compared to the results in
[3] these spectra are indeed much flatter, now yielding subnanometer rms performance: <0.7 nm on x, y, 0.4 nm on z,
15 nrad on φ, θ and 8 nrad on ψ. Further bandwidth increase
would make a 340 Hz mode dominant in the response; this
is considered to be undesired, since this mode is likely to be
caused by a deformation of the metrology frame.
IV. R EPETITIVE CONTROL FOR AFM
In this section, the design of the AFM controller is discussed, and it is shown how the performance while scanning
a sample is improved by the application of repetitive control.
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Fig. 9: Magnitude and phase of the parametric L(z) (dashed
−1
red), based on the FRF of TAF
M (jω) (solid black).
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The purpose of the AFM controller is to keep the cantilever deflection constant, so as to guarantee that the cantilever remains in contact with the sample. Since this CAFM
uses the hexapod as its actuator, it needs to control the plant
GAFM Thex,z , where the cantilever GAFM is effectively static
at the 10 kHz sample rate, and Thex,z is the z-axis of the
motion stage closed loop
−1

Thex = (I + Ty GTu Chex )

Ty GTu Chex ,

(2)

which behaves like a low-pass filter with a cut-off frequency
around the stage bandwidth. Hence, CAFM can be a simple
PI-controller, with a slightly lower bandwidth than the stage.
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Fig. 10: Stability criterion for RC design, showing both
|Q(jω)|−1 (red) and |(1 − TAFM (jω)L(jω))| (black).

The total amount of samples in the memory loop is denoted
by N , which thus defines the base harmonic of the RC.
The transfer function from the output of RAFM to its input
is given by the closed loop of the AFM loop, i.e.
TAFM = −

Qc (z) = z −q Q(z).
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B. Repetitive control design
Since the OMT is a nano-metrology tool, the tracking
quality of the cantilever deflection could affect the accuracy
of the topology measurement and thus the measured markerto-feature distance. Hence, the deflection error eδz is a key
performance variable and should be minimized.
For this reason, as depicted in Fig. 4, the AFM controller
can be appended with a ‘plug-in’ repetitive controller RAFM ;
switching it off will let the system fall back to the default
CAFM . An RC design revolves around the selection of a
learning filter L(z) and a robustness filter Q(z), which may
both be anti-causal. A practical implementation is given by
the scheme in Fig. 8, where Lc (z) and Qc (z) are the causal
equivalents of L(z) and Q(z), and l and q denote the amount
of previewed samples in L(z) and Q(z) respectively, so that

1

10

GAFM Thex,z CAFM
,
1 + GAFM Thex,z CAFM

(4)

hence the learning filter L(z) should approximate the inverse
of this transfer. The design of L(z) is shown in red in
Fig. 9; it has been obtained by making an 8th order fit of
TAFM (jω) and using ZPETC [19] to determine its inverse.
−1
The obtained L(z) matches TAF
M (jω) very well for low
frequencies, but there are clear discrepancies closer to the
Nyquist frequency. To guarantee closed-loop stability we
therefore need a robustness filter Q(z), whose design is
shown in Fig. 10. The red line in this plot denotes Q−1 (z),
which is compared to (1 − TAFM (jω)L(jω)) (black line);
since the former is below the latter for all frequencies,
closed-loop stability is guaranteed according to the smallgain theorem [11], i.e.

(3)
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|(1 − TAFM (jω)L(jω)) Q(jω)| < 1

∀ω.
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In this case Q(z) is a 16th order low-pass filter with a 1 kHz
cut-off frequency.
The final tuning parameter is the memory size N . In this
application we wish to minimize the error on the cantilever
deflection even when the sample topology has no repetitive
structure and is unknown. We thus select N equal to the total
number of samples of one single line scan, hence learning
from line to line. This essentially creates a robust RC; as
long as the period of a single line scan remains constant,
the RC will compensate for any variation within a line. As
such, the RC will work on any sample, as long as the ratio
between sample width and scan velocity remains constant.
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C. Scanning performance
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Fig. 12: The AFM scanning response, showing much better
tracking performance with RC (b) than without (a); top plots
show the height h of sample (solid black), setpoint (dashed
black) and stage (red); bottom plot shows the deflection error
eδz (black) and the 50 nm bound (dashed red).
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The controllers CAFM and RAFM have been implemented
on the OMT setup. Since at the time of writing the AFM
hardware was awaiting fabrication and integration, the asymmetric virtual AFM sample depicted in Fig. 11 has been
emulated in software. This virtual sample is at most 100 nm
high, and has 8.5◦ side-wall angles. The reference deflection
δref is set to 50 nm, and we assume that this is also the
maximum allowed servo error; otherwise either the cantilever
breaks or the contact with the sample is lost. These numbers
also determine the maximum scanning velocity, which has
been estimated to be 10 µm/s.
A line scan measurement of the emulated sample using
the OMT, without RC, is depicted in Fig. 12(a). When
the sample height remains constant, the tracking behavior
is obviously perfect. However, the 10 µm/s scan velocity
induces overshoots just below the 50 nm bound, every time
the cantilever hits a feature. These are exactly the errors
within a line scan that we wish to minimize using RC.
Fig. 12(b) shows the result with RC after a few of the same
line scans, i.e. after convergence of the algorithm. Indeed,
the overshoots have been reduced with roughly 75 %, while
maintaining the stead-state performance. This improves the
quality of the topology measurement and hence the accuracy
of the machine.
The spectral distribution of the deflection error both before
and after convergence is depicted in Fig. 13. The black
line in the middle cumulative plot shows that the rms
value of the error increase to about 4 nm during scanning,
due to the feature-induced overshoots. The top plot shows
that this effect is very broadband, introducing many close
harmonics in the mid-frequency range. By selecting N as

100
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Fig. 11: Topology map Ds (x, y) of a virtual asymmetric
AFM sample.
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Fig. 13: PSD of the cantilever deflection error both without
(black) and with the converged RC, during scanning of an
emulated asymmetric sample on the OMT setup.
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nanometrology, and hence offer great contributions to the
feasibility of the OMT. Future developments on the OMT
include integration of the AFM head, and the execution of
an end-to-end test on a true sample wafer, thereby validating
the absolute accuracy of the system. This should provide
evidence that OMT can indeed offer a more accurate overlay
metrology system than is currently commercially available.
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