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(e-mail: weiss@inspire.ethz.ch)

Abstract: Thermal scanning probe lithography (t-SPL) is a promising technology to create
patterns at the nanometre scale. So far, a commercially available t-SPL tool only exists for small,
centimetre scale work pieces typically used in the university research environment. Scaling this
technology to work with industry standard wafers requires much larger mechanical positioning
units. These are subject to thermally induced deformations and consequently positioning errors.
This work suggests a model based compensation of a mechanical positioning unit in combination
with a direct position measurement enabled by the t-SPL patterning tool. Based on a linear
model of the positioning unit, a Kalman based filter is designed, to estimate thermal errors
during the patterning process and use position measurements between patterning phases for
re-calibration. The presented filter does not require additional measurement equipment for the
compensation. An application of the presented algorithm on an experimental set-up shows a
significant reduction of thermally induced position errors.
Keywords: State-space model, Position estimation, Position error, Kalman filter, Active
compensation
1. INTRODUCTION
High precision manufacturing systems capable of producing features in the nanometre scale are a key success factor
in semiconductor industry. Scanning probe lithography
(SPL) is one of many technologies to apply nano-scale
patterns on surfaces. As mentioned by Garcia et al. (2014),
SPL uses a sharp probe to modify the surface of the
work-piece. In thermal SPL (t-SPL), heat is applied to
this probe during the patterning process of temperature
sensitive materials. The cooled down probe can be used
like an atomic force microscope to measure the topology
of the surface. Hence, this technology allows serial writing
and reading on a work-piece with the same tool. To access
the whole surface of industry sized wafers, stroke lengths
of up to 0.6 m are required. As shown by Paul et al.
(2015), this stroke length can be achieved by combining
a t-SPL patterning unit with a mechanical positioning
unit. However, this combination of two systems raises
new challenges due to thermally induced deformation of
the positioning unit. The goal is now to account for this
deformations and compensate their negative influence to
the patterning process. Using the reading capability of
t-SPL in combination with the surface roughness of the
work-piece, Paul et al. (2012) identify position offsets and
align different patterns. This process is termed stitching.
? Founded by the Commission for Technology and Innovation (CTI)
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It requires a minimum imaged area to compute position
offsets, thus it can only be invoked intermittently. This is
not possible during the writing process, when the probe
is heated. Hence a new approach to compensate thermal
deformations during the writing process is required.
Thermal effects and thermally induced tool center point
(TCP) errors are well known issues in machine tool industry (Mayr et al., 2012). There are different approaches
to compensate thermal effects on machine tools. Goal of
model based compensation is to predict the TCP error
based on available inputs. Especially in the design phase
of new machine tools, the finite element method (FEM) is
used (Gomez-Acedo et al., 2012; Franke et al., 2010). As
stated by Mayr (2009), FEM based aproaches are often
not suitable for real-time applications due to the computational effort. Hence, reduced models – i.e. rigid body
models (Okafor and Ertekin, 2000) – or phenomenological
approaches – as by Gebhardt et al. (2013) – are used.
Efforts in the direction of self learning models are made
as well. Ramesh et al. (2003) for example use a hybrid
Bayesian network, where as Yang and Ni (2005) apply
recursive dynamic modelling. A new approach is presented
by Gomez-Acedo et al. (2013). The authors use a Kalman
filter to estimate TCP errors and the machine temperature
distribution based on the current operational point of the
machine. This state of the art overview shows the diversity
and successful applications of model based compensation
of thermally induced TCP errors on machine tool. The
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question is, whether those can be applied to compensate
thermal errors on a positioning unit for a t-SPL tool.

◉

This work combines a model based estimation of thermal effects with the position measurement capabilities of
scanning probes, by means of compensation of thermally
induced TCP errors. The approach builds on the available
hardware, and does thus not require additional metrology
to compensate thermally induced TCP errors. In the first
part, the test-system itself is introduced, while the second
part focuses on the thermal modelling of this particular
system. In the third part, a filter is designed for the
intended compensation task.
2. TEST SYSTEM
2.1 System configuration and measurement set-up
The test bench used in this work is visualized in figure
1. It consists of a two axis linear position system of the
type Saphir produced by Schneeberger Linearsysteme AG
and a cross grid system of Heidenhain. In this testing setup, the cross grid system takes the position of the lithographic patterning tool. Additional measurement systems
are installed to obtain the ambient conditions, inputs to
the system, thermal states (temperature distribution) and
resulting TCP errors:
• The currents of the three phases of both linear motors
are extracted directly from the analogue power amplifier using the RS232 interface. (Remark: Only two
phases of each motor are directly measured, while the
third phase results from the star serial circuit.)
• x- and y-components of the stage position as seen
by the position controller are obtained using the
command line interface of the device (ACS, 2008).
• The actual TCP position is observed by the above
mentioned cross grid system. The cross grid is
mounted on the moving platform of the stage, while
the scanning head is fixed on an aluminium bridge
connected to the granite table.
• Temperatures at distinct positions on the stage
(structural elements and linear motors), as well as
on surrounding elements (ambient air, granite table
and aluminium bridge) are measured by a total of
16 thermo-elements connected to an NI-9214 DACsystem.
• Using a gSKIN-XI heat flux sensor (greenTEG AG,
2016), the convective heat flux is directly measured
on the surface of the structural elements of the x-axis.
All discussed sensor readings are recorded and processed
by a specially designed Labview program.
2.2 Definitions
Goal of the positioning is to align the TCP with the desired
contact point S on the work-piece. Deviations between the
two points are in this context referred to as TCP errors.
This leads to the following definitions:
rT CP
rS
δrS

Position vector of the TCP
Position vector of the desired contact point
between tool and work-piece
Resulting TCP error δrS := rT CP − rS
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Fig. 1. Measurement set-up built on a granite table 1 . The
aluminium bridge 2 is holding the scanning head /
TCP 3 of the grid plate 4 .
2.3 Performance evaluation
Repeatability In positioning applications, the repeatability as defined in the standard ISO 230-2 is one of the key
performance indicators. The characteristic step size of the
indented process of this positioning application is 200 µm.
Following the measurement procedure in ISO 230-2, the
two-sided repeatability for the two axes for the mentioned
step size is obtained:
Rx = 100 nm

and

Ry = 137 nm

(1)

Environmental influences
Using the readings of the
heat-flux sensor in combination with the temperature measurements of structure surface and ambient air, a heat
transfer coefficient (α) can be estimated. The uncertainty
is mainly determined by the uncertainty of the temperature readings (0.15 K). The estimated α for convectional
heat transfer on the test bench is given as
2

α ≈ 10 ± 1.5 W/K/m .

(2)

Thermally induced deviations To quantify and analyse
the thermally induced TCP errors to be expected during
patterning, a typical process is simulated. Hereby, a field
of 2 × 2 mm is covered in steps of 200 µm. While the sign
feed is performed by the lightweight x-axis, the linefeed is
realized by the y-axis. Each position is held during 120 seconds, while the TCP position is measured on the cross grid.
Figure 2 shows the analysis of this measurement. Each
thermally induced deviation at the TCP is characterized
by its total length and average direction relative to the
x-axis. About 56 % of the measured TCP errors show a
total length equal or bigger than 10 nm, while the direction
of the deviations are almost uniformly distributed. The
standard deviation of the TCP error over all measurement
points is 9.8 nm. Furthermore, no correlation between the
stage position and the measured thermal deviations can
be found.
3. SYSTEM MODELLING
The modelling of the positioning stage is divided into
three steps: Characterization of the internal heat sources,
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Fig. 2. Estimated probability density function of the drift
length and direction due to thermal deviations.
Modelling of heat fluxes and temperature distribution, and
finally quantification of the resulting thermal deformations
and TCP errors.
3.1 Heat sources
Two linear drives are generating the required forces to
move the stage, while four linear guides on each axis realize
the required stiffness and guidance properties. Since the
required stage movements of 200 µm are short in time and
space, frictional losses in the bearings are neglected. The
electric losses in the three-phase linear drive of the x and
y-axis are calculated using the measured currents I and
the internal resistances RΩ :
3
X
2
Ik,j
∀k ∈ {1, 2}
(3)
Φsrc,k = RΩ
j=1

Here, Ik,j indicates the current through the j-th winding
of the k-th motor. This model requires a quantification of
the internal resistances by measurement.
3.2 Heat flux and temperature distribution
In order to estimate the temperature distribution on the
structural parts, the stage is divided into N discrete elements, as shown in figure 3. For each element, a homogeneous temperature is assumed. These temperatures are
the ones for:
•
•
•
•
•

the
the
the
the
the

moving platform (ϑP ),
x-motor (ϑXM ),
x-structure discretized into n elements (ϑXS ),
y-motor (ϑY M ) and
y-structure discretized into n elements (ϑY S ).

This leads to the state vector of the system with length
N = 3 + 2 n:
iT
h
T
ϑ := ϑP , ϑXM , ϑT
(4)
XS , ϑY M , ϑY S ,
The change of this state vector (e.g. the systems temperature distribution) over time can be modelled by the
following differential equation:
dϑ
= M −1 Φth (ϑ)
(5)
dt
Where M is a diagonal matrix containing the heat capacity
for each element: M = diag(m1 cp,1 , . . . , mN cp,N ). Φth,i
describes the heat fluxes through each thermal connection
into the i-th element. Four different types of thermal
connections are distinguished in this work, as indicated
in figure 3: Conduction in and between solid bodies, heat
flux through moving interfaces, as well as conduction and
convection towards the ambient (granite table and air).
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Fig. 3. Cross cut along the x-axis, showing the division of
the stage into discrete elements with the thermal connections conduction (green), moving interfaces (blue),
granite (yellow) and convection (gray)
Conductive heat transfer:
Regarding conductive heat
transfer, two situations have to be distinguished:
(1) Interfaces between elements resulting from the discretization of structural elements, and
(2) those given from the system topology (i.e. interface
between the platform and the attached motor.
In both cases, the convective heat flux Φcond,i,j from the
i-th to the j-th element can be described as follows:
Φcond,i,j = Sj,i λi,j (ϑi − ϑj )
(6)
Where λi,j is the specific heat transfer coefficient and Sj,i
the interface cross section normalized by the node distance.
The evaluation and superposition of (6) for all connected
nodes results in the following linear equation:
Φcond = K cond ϑ
(7)
Moving interfaces between elements:
Bearings of the
linear guide ways introduce a position dependent thermal
interface. The general description of the heat flux between
the i-th and j-th element through such an interface is:
−1
Φif,i,j = (ϑi − ϑj ) Rth,i,j
(rS )
(8)
Where the thermal resistance Rth,i,j depends on the current position rS of the stage. Earlier measurements motivate the introduction of a thermal bearing resistance Rth,b :
(
−1
Rth,b
bearing between i and j
−1
(9)
Rth,i,j (rS ) =
0
otherwise
By (9), (8) can be written in linear form, introducing the
position dependent thermal interface matrix K if :
Φif = K if ϑ

(10)

Heat flux to granite table: For elements sharing a contact
area Sgr,i > 0 with the granite table with temperature ϑgr ,
the heat flux towards the table is modelled as
−1
Φgr,i = Rth,gr
Sgr,i (ϑgr − ϑi ) .
(11)
As already been done above, all heat fluxes from the
granite are expressed by the following linear equation:
(12)
Φgr = K gr (ϑ − ϑgr e)
Convective heat transfer: Assuming a global convection
constant α for the whole stage, the convective heat flux to
the i-th element given the ambient temperature ϑ∞ is
(13)
Φif,i = α S∞,i (rS ) (ϑ∞ − ϑi ) ,
where S∞,i is the surface exposed to the ambient air
(Stephan, 2013). This surface can depend on the current
position of the stage. Defining the surface-to-ambient
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matrix S ∞ as diag (S∞,1 , . . . , S∞,N ), the vector of all
convective heat fluxes can easily be calculated:
(14)
Φ∞ = α S ∞ (ϑ∞ e − ϑ)
State-space representation:
Given the characterization
of the heat fluxes discussed in (7), (10), (12) and (14), (5)
can be extended as follows:
h

dϑ
= M −1 K cond + K if ϑ + K gr (ϑ − ϑgr e) +
dt
i
(15)
−S ∞ α (ϑ − ϑ∞ e) + B src Φsrc

3.3 Phenomenological model for TCP errors
To account for the resulting TCP errors based on the
temperature field on the stage, a phenomenological model
is used. Prior measurement have shown a significant correlation between the TCP errors and the temperatures on
the ends and centres of the two axes and on the platform.
This fact is exploited by introducing the matrix C:
δrS = C(rS ) ϑ
(19)
The matrix C has to be updated after every change of
position. To create the required empirical data basis for
the description of C, the measurement set-up from section
2 is used in combination with a heating element. The
heating element is applied to three different positions
(Platform, positive end of x-axis and positive end of
the y-axis) in three consecutive measurements. Figure 4
gives a qualitative impression of the resulting temperature
distribution during such a measurement. Based on the
measured temperature developments and TCP deviations
over time, the required entries of the matrix C can be
obtained by linear regression.

Fig. 4. Thermographic image of the x-axis during a parameter identification measurement. The heater is
positioned at the left-hand side.
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= Aϑ + B u
where the matrices A and B, and the input vector u are
defined as: 

(16)
A := M −1 K cond + K if + K gr − S ∞ α
i
h
B := −M −1 K gr e, M −1 S ∞ α e, M −1 B src (17)

T
u := ϑgr ϑ∞ ΦT
(18)
src
Given the ambient and granite temperatures, as well as the
heat losses in the electric drives according to (3), the states
of the system – e.g. the temperatures at the collocation
points – are fully described by (15).

0
-2

Fig. 5. Measured (black) and simulated (red) x- and ycomponents of the TCP error over a measurement
period of 60 hours
the simulation. Afterwards, the measurement is started,
both motors are powered and the controller actively controls the stage for position (0/0). Due to external influences (day/night cycles), the ambient temperature varies
with an amplitude of up to 2 K. Figure 5 shows the comparison between measured and simulated TCP errors for
the given scenario. The TCP error is thereby measured by
the cross grid system (see 3 in figure 1). The comparison
shows, that the model is capable to reproduce the relevant
system behaviour. One can see an initial offset between
the simulation and the measurement due to misfits in the
initial temperatures set in the simulation.

3.4 Model implementation and verification
4. FILTER DESIGN AND APPLICATION
The thermal model for the temperature distribution and
TCP errors – (15) and (19), respectively – are implemented
in a framework embedded in MATLAB/Simulink. This
framework derives the system matrices according to the
provided system topology and parametrization. To simulate the system behaviour, given the temperature profiles
for the ambient air and the granite, as well as the motor
currents, Simulink is used.
To validate the model properties, simulation results are
compared to the measured system behaviour. The compared scenario is the following: Prior to the measurement,
the stage is kept un-powered for 4 hours. The resulting
temperature distribution defines the initial conditions for
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4.1 Specifications and Concept
Goal of the presented filter algorithm is to use the developed model in combination of the stitching-principle only,
in order to compensate thermally induced TCP errors.
Hence the required filter must
(1) provide a prediction of the thermal TCP error during
the writing process,
(2) use the position measurement of the patterning tool
to recalibrate itself,
(3) assist the decision making of when to interrupt the
writing for recalibration,
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(4) not require any additional measurement equipment.
Based on these requirements, a Kalman filter is selected.
Estimations by such a filter consist of two subsequent steps
performed in every time-step: First a prediction of the
state variables along with their expected uncertainty is
made based on a linear model, the previous state estimation and a known input. Second, a weighted average
between the prediction and a measurement is formed,
where as the weights result from the uncertainties of the
prediction and the measurement. In this application, only
the prediction step is used, while skipping the measurement update step during the patterning process, where
no direct position measurement by stitching is possible. If
the uncertainty of the prediction exceeds a given limit, a
stitching run shall be called to perform one or multiple
measurement update steps.
4.2 Implementation
To apply the concept of a Kalman filter to the given
problem, a discrete model of the following form is required:


x[k] = F x[k − 1] + G u[k] + w[k] w ∼ N 0, Q
(20)

y[k] = H x[k] + v[k]
v ∼ N 0, R (21)
According to the specifications in section 4.1, no measurements about ambient and granite temperature are available. Hence, the two temperatures must be estimated and
are thus treated as state variables. Further more, one has
to consider the position and time dependent offset between
the stage and cross grid coordinate system denoted as
δrS,0 . Reasons for this offset are the repeatability of the
stage (as quantified in section 2), as well as other nonlinearities. Hence, the predicted TCP error y at time step
k is the superposition of the thermally induced error and
the offset between the stage and cross grid:
y[k] = C[k] ϑ[k] + δrS,0 [k]
(22)
Together with the estimated ambient and granite temperatures, this leads to the new state vector:
iT
h
(23)
x := ϑT , ϑgr , ϑ∞ , δrT
S,0
It is assumed, that the ambient and temperature temperatures are only subject to minor changes during the
introduced prediction horizon of 120 seconds and can be
handled as constants. Further more, the position and time
dependent offset between the stage and cross grid is also
assumed to be constant during the prediction horizon.
With these assumptions, the matrices of the discrete filter
model can be calculated using the continuous time model
from the previous section:


A −M K gr e M S ∞ e 0

0
0
0 · ∆t
(24)
F = I N +4 +  0

0
0
0
0
0
0
0
0
h
iT
0 0 · ∆t
G = BT
(25)
src


H = C 0 0 I2
(26)
Where I n denotes an n × n unity matrix and ∆t the time
step. One has to consider, that A and C, an thus F and
H, are position dependent and have to be recalculated
for each new stage position. The covariance matrix R
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Fig. 6. State flow diagram to decide whether to measure
(1) or not (0) based on the residual covariance.
of the measurement noise is quantified based on the
characteristics of the stitching process (Paul et al., 2012).
To quantify the process noise, its covariance matrix Q is
fractioned into three parts:


Q
0
0
mdl


0
Q[k] :=  0 Qtemp
(27)

[k]
0
0 Q
δrS0

Measurements of the temperature distribution and ambient conditions are used to parametrize Q
and Q
.
mdl

temp

, two cases have to be distinguished:
Regarding Q
δrS0
Whether the stage has been moved since the last time
step or not. Hence, after a movement, the repeatability of
the stage has to be taken into account:

diag(Rx , Ry ) after movement
=
(28)
Q
δrS0
diag(δl, δl)
otherwise
With repeatability Rx and Ry from (1) and the resolution
δl of the internal measurement system of the stage. At
this point, all prerequisite for a Kalman filter are fulfilled.
But a quality criterion of the estimated thermally induced
TCP error, to decide when a recalibration by measurement (stitching) is necessary, is still required. Given the
measured TCP error δrS and the estimated TCP error
δr̂S , the measurement residual – e.g. difference between
measured and estimated TCP error – is
δr̃S = δrS − δr̂S .
(29)
Here, the variance of δr̃S is used as a quality criterion. For
the given problem, var(δr̃S ) = cov(δr̃S , δr̃S ) is equal to
the residual covariance S, which can be obtained from the
predicted estimate covariance P p and measurement noise
covariance R:
S[k] = H P p [k] H T [k] + R[k]

(30)

In combination with a predefined upper limit Slimit,u and
lower limit Slimit,l , this residual covariance is used for
decision making as shown in figure 6. The two limits
create a hysteresis required to enable patterning periods of
reasonable durations, e.g. to avoid intermediate switching
between pattering and stitching. With these definitions, all
informations for the intended filter are available. Again,
the required routines are implemented in the MATLAB
framework. The resulting filter algorithm is shown in figure
7. After the initialization, the system matrices, process
noise covariance matrix and measurement noise covariance
matrix are calculated. Based on the stage position, the
prediction step of the Kalman filter is executed. Based on
the scheme in figure 6, the decision is made whether or not
to execute a measurement update step. After the sampling
time of the filter has elapsed, the process noise covariance
matrix and system matrices are updated based on whether
the stage has been moved since the last update.

351

"x [nm]

500
0
-500
-1000

5

10
time [h]

15

5

10
time [h]

15

"y [nm]

500
0
-500
-1000

Fig. 8. Measured (black) and estimated (red) TCP error
for the three times simulated patterning process covering a field of 2 × 2 mm in steps of 200 µm

[°C]

28
27
26

Fig. 7. Block diagram of the implemented filter algorithm.

0

5

10
time [h]

15

Fig. 9. Measured (black) and estimated (red) ambient
temperature.

4.3 Application and Verification
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The presented filter is tested and verified on an exemplary
application. Thereby, the same patterning process as in
section 2 is running on the measurement set-up. But this
time, the estimated TCP error δr̂S is used as a position
offset by means of compensation. In x- as in y-direction,
the standard deviation of the compensated TCP error shall
be equal to 5 nm, which corresponds to the tip width of
the patterning tool. Adding a safety margin of 0.5 nm, the
upper limit is set to Slimit,u = 20 nm2 , while the lower
limit is chosen to be Slimit,l = 10 nm2 . Figure 8 shows
the comparison between the measured and estimated TCP
error. Besides the TCP error, the filter designed in this
work also estiamtes the temperature of the ambient and
the granite. The estimated and measured ambient temperature, respectively, is plotted in figure 9. The average
difference between the measured and estimated ambient
temperature is 0.14 K, which is in the range of the measurement uncertainty of the temperature probes (0.15 K).
The match between measurement and estimation in the
macroscopic domain, as shown figure 8, does not provide
information about the nanometre scale deviations during
the patterning process. To analyse these deviations, figure
10 shows the equivalent evaluation to figure 2 for the
compensated TCP position with the given configuration.
By the presented application of the filter, the standard
deviation of the TCP error can be reduced to 5 nm
(compared to 9.8 nm before compensation). The reduction
of the standard deviation is also visible in the density function of the thermal error length: Only during 28% of the
time, the resulting TCP error exceeds 10 nm. Compared
to the 56% before compensation, this translates into a
relative reduction of 50%. Regarding the direction of the

20
0

0

50
j/r S j [nm]

100

20
0

0

100

200
' [/ ]

300

Fig. 10. Probability density function of the drift length
and direction of the compensated processing (red).
The black line shows the uncompensated values.
TCP errors, no change between the uncompensated and
compensated are identified. As presented by this test case,
the implemented model based filter allows the reduction
of thermally induced TCP errors by tuning the Slimit,u
and Slimit,l according to the desired standard deviation of
the compensated TCP error. Thereby, measurements only
take place if required, which enables an optimal machine
utilization with respect to productivity.
5. CONCLUSION
This work presents a filter based approach for compensating of thermally induced TCP errors using a thermal model
of the system. The position measurement capabilities of
the intended t-SPL tool by stitching are combined with
modelling techniques and compensation strategies for machine tools. To quantify the model and filter performance,
a test set-up is used, where the patterning tool is replaced
by a cross grid system. The obtained results show a reduction of 50% regarding the number of limit crossings,
achievable without additional measurement equipment.
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The next step is the implementation of the presented
compensation strategy on a real patterning system. Future
extensions of the presented work could also include additional state variables – e.g. the heat transfer coefficient
towards the ambient air – to obtain a self adapting model.
For patterning applications with non-homogeneous precision requirements, a dynamic adjustment of the switching
limit Slimit,l/u should be implemented. By this measure,
an optimal solution between precision and writing speed
could be achieved.
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