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Accurate measurement of nanometre-scale 
dimensions requires measurement methods 
capable of producing reliable, repeatable 
scales for measurement instruments. 
Laser interferometers and diffractometers 
can produce length measurement scales 
with direct traceability to the definitions of 
the SI units, via interferometer phase angle 
and diffraction plane angle measurements. 
Both instruments are prone to nonlinearity 
errors of cyclic, or periodic, nature. 
This thesis is about methods for correction 
of periodic errors in laser interferometry 
and laser diffractometry, the application of 
laser interferometry in a metrological 
atomic force microscope, 
and the characterization of other 
microscopes with transfer standards 
calibrated using those instruments and 
methods. The presented error separation 
methods result in picometre-level 
measurement uncertainties in 
interferometry and diffractometry. 
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Chapter 1

Introduction

Commensurate, reliably comparable measurement units are an important cor-

nerstone of all scientific, industrial and legal measurements. Comparability of

measurement results by traceability to common, known reference standards or

units, calibration, and uncertainty estimation are essential for a vast number of

human activities.

Increasing regulation for nanotechnologies and e.g. particle emissions requires

reliable measurements and measurement units as a basis of effective legislation

and testing. Research, production, subcontracting and trade of nanoscale optical,

mechanical and electronic systems require extending the reach of readily trace-

able measurement methods continuously to new areas and scales. The need for

comparable and reliable measurement methods for the nanoscale has also been

highlighted in European research strategy planning [1, 2]. Development, compar-

ison [3] and validation of applicable measurement methods like accurate scanning

probe microscopes and other methods, and new ways of realizing measurement

unit scales for the nanoscale are important parts of this research.

This thesis is about the length and angle scales used in nanometrology, and

their application. Metrology has been defined as the “science of measurement

and its application” [4]. Nanometrology, or dimensional nanometrology, in this

thesis, means the science of measuring accurately nanometre-scale distances and

features. The measured lengths here range from somewhat less than the diameter

of an atom to one tenth of a millimetre, thus encompassing also the pico-, nano-

and micrometre scales. Important steps of this science, from the use of calibrated

lasers as wavelength standards, to the measurements of calibration standard sam-

ples for different instruments, and instrument calibration, are included.

1



2

1.1 Important metrological concepts

Three metrological concepts are important in this thesis:

Metrological traceability, or tracebility in short, is defined by the mentioned

standard [4] as a “property of a measurement result whereby the result can be

related to a reference through a documented unbroken chain of calibrations, each

contributing to the measurement uncertainty.” Functioning traceability chains

ensure the repeatability of measurements; if the object of measurement has not

changed, the same result is given by measurements made at different times and

with different equipment.

Measurement uncertainty generally thus increases at every step of the trace-

ability chain; e.g. the Joint Commitee for Guides in Metrology has published

a guide [5] on the assessment of measurement uncertainty. Different methods

exist for estimating and combining the contribution of the error sources in a

measurement. The combination is usually done using a mathematical model of

the measurement, and then using the partial derivatives (sensitivity factors) of

the model with the estimated component uncertainties and the correlations of the

components to combine the uncertainty, or by using a Monte-Carlo style sampling

model.

Validation in this thesis refers to validating measurement instruments and

procedures by e.g. exchanging samples between laboratories and analyzing the

match between the measurement results and their uncertainties. When a new

metrological instrument is developed, it is usually assumed, that in addition to

traceability of the references used in the instrument, the instrument or method

has to be validated by comparison.

Figure 1.1 illustrates these concepts in the context of this thesis.

1.2 Metre definition and MIKES

The Système International (SI) has developed from the Metre Convention that

was originally signed by seventeen countries in Paris in 1875. The Convention,

modified slightly in 1921, remains the basis of international agreement on units

of measurement.

• The current definition of the metre unit is: ”The metre is the length of the

path travelled by light in vacuum during a time interval of 1
299792458 of a

second.”
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Unit definition

Metrology institutes
Unit realization

Research, testing and calibration
              laboratories

In-process measurements
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Figure 1.1: An illustration of traceability, uncertainty and validation wihtin the frame-
work of this thesis. Horizontality of validation refers to comparison mea-
surements between e.g. metrology institutes, or measurement methods

This definition, using this now fixed numerical value of speed of light in vac-

uum, ties the metre to the SI time unit, the second. The second is currently

defined as: ”The duration of 9192631770 periods of the radiation correspond-

ing to the transition between the two hyperfine levels of the ground state of the

caesium 133 atom.” This definition is realized using atomic clocks.

Traceable measurement of length is thus dependent on measuring the time it

takes for light to travel the measured distance. There are three ways in which this

definition can be employed in practice [6, 7]. In summary, the possibilities are (1)

measuring the time it takes for light, or more generally an electromagnetic wave,

to travel the measured distance; (2) using the wavelength λ of an electromagnetic

wave by measuring the frequency f of the wave and using the relation λ = c
f where

c is the speed of light, and (3) using one of the recommended radiations [6, 7].

The recommended radiations are a list of “recipes” that essentially say that if one

has a certain type of light source and operates it in the recommended way, one

can assume the light to have the defined frequency with the uncertainty defined

in the recommendation. In all cases necessary corrections are applied for the

refractive index of the medium, gravitation and diffraction.

This work has been carried out at the Centre for Metrology and Accreditation

(MIKES). The role of metrology institutes such as MIKES is to develop and

maintain the SI measurement unit system. Nanometrology has been one focus
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area of research at MIKES for several years. In recent years MIKES has been and

is developing its nanometrology capacities in several European projects [8–11].

The lasers used as light sources for interferometric and diffractometric mea-

surement in this thesis have been calibrated at MIKES. The frequency of the

lasers is traceable to the MIKES’ atomic clocks via the use of a frequency comb

[12]. The frequency comb technique allows the production of optical frequencies

based on the radio frequency time signal from the time laboratory, and the pro-

duced optical frequencies are used as references for calibrating the lasers used in

this work. The uncertainties of the calibrated laser frequencies are small enough

to ensure that in the presented nanoscale length measurements, the laser fre-

quency uncertainty is not a dominating error source.

1.3 Constituents and organization of the thesis

This thesis is organized as follows:

Chapter 2 introduces the basis of laser interferometry for the traceable mea-

surement of short distances, along with the problem of periodic error. Periodic

nonlinearity error is an inherent – and in nanometrology very significant – error

source in fringe-counting interferometers. Methods for measuring and suppress-

ing this nonlinearity are reviewed, and the approach of Publication I, consisting

of interferometer design, capacitive sensing system and a computational model,

is described. The linearization repeatability results of Publication I are reviewed.

As part of the iMERA-Plus Nanotrace [8, 13] project that resulted in e.g. the

joint Publication II, the setup was also transported to the National Physical

Laboratory (NPL), UK, for comparison against an X-ray interferometer (XRI).

Chapter 3 first gives a brief description of the MIKES’ laser diffractome-

ter. Laser diffractometry combines plane angle measurement with the use of

laser wavelength as a reference, for calibration periodic grating samples. A laser

diffractometer can often measure average grating pitch with higher accuracy and

greater speed than e.g. a scanning probe microscope. The chapter focuses on the

error separation -based calibration of the rotary table in the setup. The error

separation analysis method of Publication III is further enhanced and the new

results compared with those shown in the publication.

Metrological atomic force microscopes (AFMs) are maturing into versatile

tools for calibration measurement of various transfer standard samples and for

nanometrology research. In Chapter 4 the MIKES’ metrology AFM with laser

interferometers, characterized in Publication IV, is introduced from the viewpoint

of the stage control and measurement system.
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Chapter 5 covers the Nordic-nano1 comparison measurement using 1-D grat-

ing samples, organized by MIKES and nearby NMIs, for various laboratories

equipped with AFMs and scanning electron microscopes (SEMs). The compar-

ison was useful in mapping the measurement capabilities in Nordic and Baltic

countries and also for the participating laboratories. The circulated grating sam-

ples used were traceably calibrated at MIKES. The comparison is the subject of

Publication V.

Stroboscopic scanning white light interferometry (SSWLI) is a method capa-

ble of imaging oscillating objects like M/NEMS devices. Nanometre-level resolu-

tion in the scan direction, and micrometre (diffraction limited) resolution in the

lateral dimensions can be attained with SSWLI. The sample can be measured

in different phases of oscillation with synchronous stroboscopic illumination. In

Chapter 6, SSWLI is introduced with the methods and results of a quasidynami-

cal calibration of SSWLI. The calibration was done with a piezomechanism-based

transfer standard calibrated at MIKES, and is described in detail in publication

VI.

Before the conclusions, a discussion on the presented methods and results

with interpretations of the linearization methods is included in Chapter 7.

1.4 Scientific contribution

This thesis contains the following new scientific results:

• A new periodic error correction method for laser interferometer, capable

of tracking the periodic nonlinearity with 10 pm-level uncertainty with a

capacitive sensor.

• A new method for rotary table angle scale linearization in diffractometers,

based on error separation with diffraction angles, that can also be used as a

new way to realize the plane angle scale. The mathematically simpler and

more flexible freeform diffraction pattern method described in Chapter 3 is

a further development to the work presented in Publication III.

• A unique control system and design, with instrument characterization, for

an on-line interferometrically traceable AFM.

• A grating pitch comparison measurement and result analysis with tens of

participant laboratories, assessing the measurement capabilities in labora-

tories in the Nordic-Baltic region. The results highlighted the importance

of calibration.
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• A new method enabling accurate quasidynamic calibration of SSWLI.



Chapter 2

Interferometry and periodic
error

Of the different ways of realizing the metre unit, traceability of nano-scale length

measurements to the metre definition is practically always established via the use

of a calibrated laser frequency, and thus via a traceable vacuum wavelength.

Despite the possibility of using e.g. well-known crystal structures in some

very high-resolution measurements as auxiliary length scale references, even those

references have to be characterized and linked to the metre definition. This

link can be accomplished via calibration, or by possible inclusion of well-defined

crystals into the “mise en pratique” [7] realizations of the metre in the future.

In nanometrology, the errors due to inaccurate subdivision of the yardstick –

or, more properly, metre-stick – provided by the wavelength of light are often

dominant. This chapter is about laser interferometry in nanometrology, and the

methods developed at MIKES for accurate laser interferometry.

2.1 Laser interferometer

Figure 2.1 is a schematic representation of a Michelson interferometer. A coher-

ent, or ideally fully monochromatic, light source emits a beam of light at optical

frequency f . In practice this is usually accomplished by using a laser as the light

source. The beam is split into two, towards a static reference mirror and the

measurement mirror, reflected back, and recombined at the beam splitter.

The recombined field exiting the beamsplitter is highly sensitive to the optical

path length difference of the reference and measurement arms. The recombined

field changes periodically as a function of the position of the measurement mirror,

7
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Measurement mirror

Reference mirror (static)

Monochromatic 
    source

Interference signal

Mirror displacement x

Beam splitter

x= ( 1- 2)/(4 ) 

Detected power,
A2

3

Figure 2.1: A Michelson interferometer

because displacing the measurement mirror changes the path length travelled by

the light in the measurement arm, and thus the phase difference of the two fields.

To illustrate this behaviour more mathematically, let us first think of the

electric field in the laser beam approximated as a linearly polarized plane wave

propagating along the X-direction:

E(x, t) = A0 cos(kx− ωt+Φ0), (2.1)

where A0 is the amplitude, k is the wavenumber k = ω
c = 2π

λ , ω is the angular

frequency, t is time and Φ0 is phase.

If the spatial dependency is neglected, by e.g. studying the field at a single

point and incorporating the spatial dependency into the phase, the sum of the

two optical fields after recombining in the beamsplitter can be represented as

A1 cos(ωt+Φ1) +A2 cos(ωt+Φ2) = A3 cos(ωt+Φ3), (2.2)

where

A3 =
√
A2

1 +A2
2 + 2A1A2 cos(Φ1 − Φ2). (2.3)

Here it is assumed that the combined fields have the same polarization. Subscripts

1 and 2 refer to the two beams, for the reference and measurement arm, in the

superposition. It is observed that the combination results in a wave at the original

optical frequency. The optical frequency ω cannot usually be directly measured,

nor the phases Φ. The interference signal in the combined beam, measurable using
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a photodetector, is proportional to A2
3, the square of A3, and has the component

2A1A2 cos(Φ1 −Φ2) that varies sinusoidally as a function of the phase difference

Φ1 − Φ2.

The laser frequency f and the laser wavelength are related by

λ =
c

fn
, (2.4)

where c is the speed of light in vacuum and n is the refractive index of the medium

where the light travels. If the path length difference between the reference and

measurement arms changes continuously, e.g. due to movement of the measure-

ment mirror, the phase difference of the interfered beams changes accordingly,

and the distance moved can be measured by counting the number of periods of

the detected sinusoidally varying signal.

In the case of the 1-pass interferometer shown in the figure, for measurement

mirror positions separated by integer multiples of λ/2, the phase difference of the

fields is the same. The displacement of either mirror in the beam direction by

Δx delays the phase of the reflected radiation by 4πΔx
λ .

In a classical Michelson interferometer, the periodically changing interference

pattern manifests as lines, arcs or spots of high and low intensity. If the optics

are perfectly aligned, only one spot of alternating brightness is seen on the screen.

Alternating light and dark lines are customarily called fringes in this context, and

more generally one fringe refers to one full cycle of interference pattern change,

or to the corresponding displacement of the measuring mirror.

2.1.1 Heterodyne vs. homodyne interferometry

Homodyne interferometry often refers to a setup where two or more light-sensitive

detectors monitor the intensity of interference signals. The signals consist of

interfering measurement and reference beams, with different mutual phase offsets,

so that the detector signals correspond to e.g. different linear combinations of

sin(Φ1−Φ2) and cos(Φ1−Φ2). The changing relative strength of these electrical

signals is used to determine the position and the direction of movement. The

measurement is a DC measurement in the sense that when there is no optical

path length change, the detector signals are ideally static electrical DC signals.

Heterodyne interferometry is a method using a laser source with two optical

frequencies emitted in mutually orthogonal polarizations. The beamsplitter used

is polarization sensitive, and typically one frequency goes to the reference arm

and the other to the measurement arm. In heterodyne interferometry, construc-

tive and destructive interference as a function of position is not measured, but
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the phase shift of the difference frequency signal is. The difference of the frequen-

cies is in the radio frequency range, typically a few MHz. Figure 2.2 shows an

arrangement for heterodyne interferometry. Polarizers (at a 45◦ angle to the po-

larizations) in front of the detectors make the two different frequencies alternately

interfere constructively and destructively at the difference frequency, making the

difference frequency visible to the detectors.

Measurement mirror

Reference mirror (static)

PBS
Heterodyne laser
      source

f1

f2

Ref. detector
Meas. detectorP P

f1-f2 f1-f2   (phase shifted)  

Beam splitter

Mirror displacement x QWP

QWP

Figure 2.2: Principles of heterodyne interferometry. Quarter wave plates (QWP) are
needed in front of the mirrors to flip the polarizations of the returning
beams. P is a linear polarizer and PBS is a polarizing beam splitter. The
difference between the frequency components f1 and f2 typically ranges
from 0.1MHz to 100MHz.

The wavelength of the light beam reflected from the measurement mirror

determines the period corresponding to one full cycle of phase shift between the

reference and measurement detectors, similarly to the homodyne interferometer.

2.1.2 Fringe interpolation

A high-resolution displacement measurement requires both fringe counting and

fringe interpolation.

Fringe counting keeps track of mirror displacement relative to a desired start-

ing point by counting the integer number of whole periods. Fringe interpolation

refers to the measurement of the phase of the periodic interference signal.

These concepts can be combined into a cumulative phase ϕ that indicates the

phase delay, i.e. the distance travelled by the measurement mirror, in e.g. radians.

Equation 2.5 relates the mirror displacement Δx and the cumulative phase ϕ (in

radians).
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Δx =
ϕc

4πfn
, (2.5)

The wavelengths of visible light used in length interferometry are uncomfort-

ably long with regard to the small displacements measured in nanometrology,

providing a yardstick of hundreds of nanometres. This leads to periodic error

being one of the dominant error sources in nano-scale measurements. This fact

has propelled several studies into accurate subdivision and interpolation of in-

terferometer fringes, and also into the possibilities of using resonant Fabry-Perot

cavities with tunable lasers [14–16], instead of classical fringe-counting interfer-

ometry.

2.2 Periodic interferometer nonlinearity

The measurement accuracy of fringe interpolation is prone to suffer from system-

atic errors due to non-ideality of optical components or nonlinearity of electronic

phase detection. Typically unwanted leakage, reflections and alignment errors of

optical components cause periodic nonlinearity error in the position measurement

[17–21]. Figure 2.3 shows an example of periodic laser interferometer error. First

and second harmonic periodic sinusoidal errors, or components, are easily seen.

First- and second-harmonic sinusoidal error can be caused by non-ideality of

the polarizing beamsplitter in heterodyne interferomery or lack of ideal ampli-

tude normalization of the homodyne interferometer detectors [20]. Higher har-

monics in periodic error in all interferometers may be caused e.g. by parts of the

measurement mirror light beam power being reflected several times between the

measurement mirror and the surfaces and interfaces of other optical components,

or by the electronic phase detection method used.

2.2.1 Periodic error in the heterodyne interferometer

Heterodyne interferometry is inherently resistant against some of the nonlinearity-

causing mechanisms of homodyne interferometry, like unequal scaling or un-

orthogonal phase difference of the detector signals. However, e.g. imperfect

separation of the two frequencies in the optical system leads to periodic error

[17, 20, 22–24] that can be several nanometres if the system is not designed and

adjusted carefully.
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Figure 2.3: Periodic laser interferometer error with 1-pass interferometer using 633 nm
laser wavelength. The difference between uncorrected laser interferometer
reading and an X-ray interferometer (XRI) is shown from a scan of little
more than two periods of the laser interferometer. (XRI was moved in 0.192
nm steps, originating from pure silicon crystal lattice spacing)

2.2.2 Measurement and correction of periodic nonlinearity error

Parts of the nonlinearity can be indirectly measured in homodyne [21] and also

heterodyne interferometery [25] by studying the detector signals, but a reliable

measurement of the total periodic nonlinearity requires comparison to some ref-

erence instrument or phenomenon. The reference is something that has a non-

linearity behaviour different from the interferometer under study. Possibilities

range from changing pressure cells [26] and capacitive sensors [27] to another in-

terferometer with different wavelength. The Fourier transform (power spectrum)

of the position signal with moving mirror can be used to obtain information on

the amplitudes of the harmonics [28, 29]. Fourier transform can be also applied

to find the phases of the nonlinearity components relative to the interferometer

phase, but this requires careful sampling and processing.

An exotic possible alternative would be to study only the distribution of

the interferometer phase as a histogram while moving the measurement mirror,

although this would most likely be impractical for accurate measurements.

Ways to alleviate the periodic nonlinearity problem in interferometer design

in fringe-counting interferometry range from special interferometers designed to
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eliminate specific optical nonlinearity sources [26, 29–31] to multipass interferom-

eters [23, 32]. The former tend to be more expensive and complicated measure-

ment setups, while the latter suffer from complicated optical effects adding to the

periodic nonlinearity behaviour [24]. Publication II describes the highly linear

separated-beams heterodyne interferometer of the German national metrology in-

stitute PTB and the electro-opto-modulator linearized heterodyne interferometer

of INRIM in Italy.

Ways of independently measuring the total periodic nonlinearity, so that it

can be applied as a correction to the phase readings, provide another approach to

correcting for the periodic error. A capacitive sensor is one of the possible refer-

ences for periodic error measurement. The possibly larger but smoothly varying

and non-periodic nonlinearity behaviour of capacitive sensors can be separated

from the periodic interferometer linearity by modelling the capacitive sensor with

e.g. a polynomial function, and this is utilized in Publication I. Interferometers

using multiple wavelengths for measuring the same displacements can also allow

computational separation of the nonlinearity behaviours for each wavelength, as

in the CMI, Czech Republic, common-path two-wavelength approach shown in

Publication II.

A numeric correction table approach used for on-line digital correction, mea-

sured with a capacitive sensor, has been previously developed at MIKES [33].

An online-applied numerical Heydemann correction has been used in e.g. PTB’s

metrological atomic force microscopes [34].

The periodic nonlinearity of a setup also tends to drift over time [19, 35, 36],

warranting repeated or continuous measurement and correction.

2.3 Linearization model

Similarly to the representation in Publication I, let us define the linearized posi-

tion as

ϕc = ϕ+ δ(ϕ), (2.6)

where ϕ is the uncorrected interferometer phase reading, δ(ϕ) is the periodic

correction and ϕc is the corrected position.

Then let us define the periodic correction term as

δ(ϕ) = −
h∑

k=1

[ck cos(kϕ) + sk sin(kϕ)] , (2.7)

where the parameters c1 . . . ch and s1 . . . sh determine the periodic correction as

a zero-mean truncated Fourier series with h harmonics. This representation has
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several favorable properties: The average phase over the period is zero, thus

the correction is by definition free of any mean/constant bias; the Fourier basis

functions are naturally suited for periodic correction being inherently continuous

and periodic; the Fourier basis functions themselves are mutually orthogonal,

helping the robust estimation of model parameters, and the span of the basis

also approaches practically all possible linearization functions at the limit h→ ∞.

The basis functions are best suited to correcting error due to optics or smooth

electronic phase measurement error. The minus sign in Equation 2.7 has been

selected to make the other equations nicer, or more intuitive.

In this work a capacitive distance sensor is used as the reference in measuring

the periodic correction. The position reading ψ of the capacitive distance sensor

and the electronics used is approximately a linear function of distance between

the capacitor plates. The linear and nonlinear smooth behaviour of the sensor

are adequately modelled by a low-degree polynomial, as is also shown by the

modelling residual in Publication I and the linearization results.

The following model is used here to estimate the periodic nonlinearity param-

eters:

ϕ =

n∑
j=0

ajψ
j +

h∑
k=1

[ck cos(kϕ) + sk sin(kϕ)]. (2.8)

This model is fitted to synchronously measured interferometer and capacitive

sensor position readings by the least-squares solution of the resulting equation

set. For each datapoint (ψi, ϕi) consisting of a capacitive and interferometric

reading, equation 2.8 effectively says that the measured cumulative interfometer

phase ϕ is a polynomial of capacitive position plus a phase-dependent periodic

correction. The aj coefficients of the model are required degrees of freedom in

the model, but only the ck and sk coefficients are actually needed as output.

In the results presented in Publication I, the value of n is 3 and the values

used for h are 8 and 2. As shown in Publication I, the modelling residual with the

setup using a third degree polynomial and the first two harmonics in the periodic

correction is mainly noise. When included in the model, the higher harmonics

oscillate randomly near zero. Thus in the final results only two harmonics are

used.

The mathematical model used in this thesis is similar to the one published

by Schmitz et al. [37], where the measurement timestamps or time indices of

interferometer measurement points were used as the external reference instead of a

capacitive sensor, using a constant velocity, or constant acceleration assumption.
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2.4 On the symmetric differential heterodyne optics

The optical interferometer arrangement designed for these measurements was

given the name Symmetric Differential Heterodyne Laser Interferometer (SDHLI).

The measurement setup with the interferometer is shown in Figure 2.4.

The main idea in the design is that the two signals compared by the phase

detection electronics are created in a highly symmetric manner in the optical and

electrical setup. Thus factors such as frequency, amplitude and polarization noise

from the laser source, or temperature drifts in the optics or electronics, result

in similar changes in the two detector signals. In this way the differential phase

measurement between the heterodyne signals is less sensitive to other factors than

the moving mirror displacement relative to the reference mirror. In addition, the

design has the classical differentiality property, or symmetry, so that the reference

arm of the interferometer has the reference mirror right next to the measurement

mirror. This leads to robustness against mechanical drifts and refractive index

changes, since both arms see these changes similarly.

The design uses a heterodyne Helium-Neon 633 nm laser head emitting two

optical frequencies separated by 20 MHz in mutually orthogonal linear polariza-

tions. The two wavelengths are first directed to the beamsplitter which divides

them both to two beams (measurement and reference) separated by approxi-

mately 10 mm. The polarizing beamsplitter then divides these so that both for

the measurement beam and reference beam one wavelength travels to the com-

mon reference mirror and the other to the measurement mirror (measurement

beam) or the reference mirror (reference beam). The passes via the quarter wave

plates result in an exchange of polarizations so that the four beams are combined

back into two and exit the polarizing beamsplitter in the direction of the detec-

tors. Before reaching the detectors both beams travel through the linear polarizer

(P), which combines the orthogonal linear polarizations, rendering the difference

frequency (beat) signals measurable with the photodetectors. The angle of the

polarizer is such that half of the light in either polarization is projected to the

output polarization detected.

2.4.1 Comparison with classical heterodyne interferometry

The SDHLI design contrasts with the typical (differential) heterodyne interfer-

ometer, where the electrical reference beat signal that is compared against the

measurement signal, is usually generated before the interferometer optics inside

the laser head, and where one optical frequency travels to the reference arm of

the interferometer optics and the other is directed to the measuring arm, compare

to Figure 2.2
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Figure 2.4: Measurement setup. BS is the beamsplitter, M mirror, CM common (refer-
ence) mirror, RM reference mirror, PBS polarizing beamsplitter, D detector
and P polarizer.

The symmetric design resulted in an order of magnitude less noise in the

position/phase reading compared to a commercial conventional differential het-

erodyne interferometer optic package, using the same custom phase reading elec-

tronics used in this work.

Adding symmetries to classical heterodyne detection has also been studied

elsewhere [38]. Another, completely different and well-known way to add another

symmetry in differential laser interferometers is positioning the reference and

measurement beams (in multi-pass interferometry) symmetrically on the mea-

sured surfaces to cancel effects of e.g. tilting of the measured mirror surface.

2.5 Heterodyne interferometer electronics

The heterodyne phase detection electronics were designed for studying the use

of commercial frequency counters in precise laser interferometer phase detection.

The frequency counters used here were the Agilent 53132A, in the time difference

mode and 53230A, in the phase difference mode.

In order to expand the resolution of phase detection, the phase difference

between the detectors’ 20 MHz signals was transferred to a lower frequency of 20
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kHz by multiplying them in a custom-designed electronics board by a common

19.98 MHz signal and band-pass filtering. The frequency counters essentially

detect zero-crossings of the input signals. For this reason the signals are converted

into square waves using fast comparators in the electronics board and then fed

directly to frequency counter inputs for analysis of phase difference.

The employed capacitive sensing system uses a grounded target and a sensor

with a guard ring. The electronics produce a voltage proportional to the distance

between the capacitor plates, i.e. inversely proportional to the capacitance [39].

The multimeter reading the capacitive sensor voltage and the frequency counter

were controlled with a personal computer.

2.6 Measurements at MIKES

The measurement setup at MIKES consisted of a steel gauge block on a piezo

stage (open-loop), measured from one end with the SDHLI and from the other

end with the capacitive sensor. The laboratory at MIKES has active tempera-

ture (and humidity) control and vibration-isolated tables [40]. The measurement

setup, excluding the laser source and electronics, was shielded with custom-cut

plastic thermal insulation foam panels forming a box shielding the setup from e.g.

air turbulence. The piezo stage voltage was controlled with a personal computer

using an analog output channel of a multi-input-output card.

The noise properties of the system and scan details are described in Pub-

lication I. As shown in Publication I, only first and second harmonic periodic

nonlinearity was detected in the setup. As an example, the temporal evolution

of the cosine component of the second harmonic (c2), calculated from two spa-

tially separated regions of the scan range, 0 μm–3 μm and 3 μm–6 μm, is shown

in Figure 2.5, because this component has the largest variation. Together with

the sine component s2 it defines the amplitude and phase of the second-harmonic

sinusoidal periodic error component, and similarly c1 and s1 define the first har-

monic. All the components are shown in Publication I, plotted both as cosine

and sine coefficients, and as phase and amplitude values.

The continuously repeated scanning measurement was done over a few days.

The results show that the estimation of the nonlinearity parameters is repeatable

in both space and time, supporting the assumption that the measured harmonics

do not originate primarily from measurement noise or capacitive sensor nonlin-

earity, but from the laser interferometer periodic nonlinearity.

The repeatability of the whole linearization function consisting of four sinu-

soids, sine and cosine for the first and second harmonic, between nearby parts of

the scan range and nearby moments in time, is in the order of 10 pm–20 pm.
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Figure 2.5: Nonlinearity parameter c2, the amplitude of the second harmonic cosine
component, measured from two spatially different parts of the scan range,
during a long repeated scanning run.

The coefficients are reported in picometres by conversion using the period

length of the interferometer. To directly match the equations presented earlier

they should be multiplied by 4π
λ . For the equation formulation in Publication I,

the multiplier would be 2
λ .

2.7 Measurements against X-ray interferometer

The measurement setup was transported to the National Physical Laboratory

(NPL), UK, to compare the interferometric-capacitive method to the X-ray in-

terferometer (XRI) [41–43].

The XRI at NPL is an instrument initially developed for accurate determina-

tion of pure silicon lattice spacing parameters and augmenting optical interfer-

ometry [44] with a reference yardstick of much finer (sub-nanometre) scale than

that provided by optical interferometers.

The XRI utilizes a machined monocrystalline silicon block, part of which can

be moved with a piezo actuator with high parallelity of motion. An X-ray beam

flowing through lamellae protruding from the static and moving parts causes re-

peating interference fringes in the detected X-ray beams. The fringe period of
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approximately 192 pm is directly related to the silicon crystal lattice spacing,

but not to the wavelengths of the X-rays. The static and moving parts have mir-

rored sides that can be used for simultaneous laser interferometric measurement.

Figure 2.6 shows schematically the XRI block with the positions of the SDHLI

measurement and reference beams.

Flexure

Piezo

X-rays in
Detected
X-rays

Static lamellae

Static mirrors Moving mirror

Direction of
motion

A B

C

Figure 2.6: Schematic drawing of the NPL XRI. ’A’, ’B’ and ’C’ mark approximately
the positions used for reflecting the SDHLI measurement and reference laser
beams, and for capacitive position sensing, respectively.

MIKES setup at NPL and results

The setup transported to NPL was mostly identical to the one used for the

measurements at MIKES. The differences were that the baseplate and housing of

the SDHLI optics were updated using a low thermal expansion plate and thermal

shielding box. The X-ray interferometer at NPL resides on a vibration isolated

table covered by a heavy shielding box, in a room without active temperature

control during measurement.

Compared to measurements done at MIKES, it seemed that the noise level

at NPL was lower but that drifting of the periodic nonlinearity parameters was

faster. The phase of the nonlinearity usually changed completely within a few
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hours. Temperatures inside the shielding boxes were not directly measured during

the experiments. From experience with the XRI it can be indirectly estimated

that the temperature stability was within a few tens of millikelvins.

The capacitive sensor measured the face of the XRI moving silicon part op-

posite the face measured by SDHLI. An electrically conducting gold coating was

deposited on the surface for this purpose with a connected thin metal wire con-

tact, for connecting the capacitive sensor electrical ground.

The capacitive sensor nonlinearity and scale amplification are free parameters

in the model of the capacitive sensor in Equation 2.8, therefore the alignment of

the capacitive sensor was not critical. The distance between the sensor plate

and the XRI metallized surface was approximately 20 μm. The alignment of the

measurement beam of the SDHLI was done such that before placing the SDHLI

optics in front of the XRI, beam steering mirrors were used to reflect the beam

of the laser back to the source. The spot illuminated by the measurement beam

on the XRI was horizontally, within a few millimetres, at the moving lamella

and vertically about 1 cm below the moving lamella. However, the relatively

small resulting cosine and Abbe errors are not important when studying the

approximate magnitude of the periodic errors of the laser interferometer.

The capacitive linearization was first done by stepping the XRI using piezo

voltage, without feedback from the X-ray detection. Laser interferometer and

capacitive sensor reading were recorded with the controlling laptop computer

and linearization was computed. The XRI was stepped in 1 fringe steps and laser

interferometer readings were recorded.

Figure 2.7 shows the capacitively linearized measurement result from a scan

with the XRI. Towards the right the linearization function is getting out-of-

date due to drift, and periodic nonlinearity begins to appear. The linearization

measurement with the capacitive sensor took approximately 15 minutes, and

the comparison measurement scan 12 minutes. This means the time difference

between the linearization and comparison is approximately 10-20 minutes.

Traceability in SDHLI is principally via the calibrated laser wavelength, and

the traceability of the periodic error scale can be thought to originate from one

full interferometer phase cycle as the reference. The comparison with XRI is

mainly to validate the periodic nonlinearity measurement and correction system.

The absolute uncertainty of the XRI step positions is also not of the highest

importance here, but the fact that the XRI can be thought to be free of periodic

error at the laser interferometer period or its low harmonics. As indicated in

Publication II, for the first approximately 480 nm in the data shown in Figure

2.7, the rms residual difference between the instruments is 14 pm. The scan shown

is the best result of fewer 10 measurements, possibly representing a case where
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the temperature drift has favourably paused and/or changed direction.

0 824 1648 2472 3296 4119

-40

-20

0

20

40

0.00 158.20 316.40 474.60 632.80 791.00

X-ray int. / fringes

X-ray int. / nm

D
ev

ia
tio

n 
M

IK
E

S
 in

t.-
 X

-r
ay

 in
t. 

/ p
m

Figure 2.7: Difference between XRI and capacitively linearized laser interferometer in
one unidirectional stepping scan. Linear dependency has been removed and
an averaging filter 16 X-ray fringes wide has been applied to emphasize the
residual periodic nonlinearity.



Chapter 3

Diffractometer angle scale
linearization

Laser diffractometry provides a way of measuring grating pitch very accurately

from nanoscale calibration standard gratings, averaged over the sample area illu-

minated by the laser beam. The pitches of 1-D and 2-D gratings can be measured

with laser diffractometers using the well-known grating equation with calibrated

laser wavelength and diffraction angle measurement. Several metrology institutes

have developed diffractometers for accurate traceable grating measurements.

This chapter focuses on the developed angle scale linearization method for

the diffractometer rotary table, using an error separation approach, with a short

introduction to diffractometry, rotary table angle scales and short-period and

full-circle scale errors.

3.1 Diffraction equation and plane angle unit

The well-known diffraction equation states that

p(sinα+ sinβ) = mλ, (3.1)

where α and β are the angle of the incident and diffracted ray relative to the

grating surface normal, m ∈ {1,−1, 2,−2, . . . ,M,−M} is the diffraction order, λ

is the wavelength of the light and p is the grating pitch. This behaviour results

from the combined interference of the fields reflected from all individual grooves

or features of the periodic reflection grating sample, in the area illuminated by

the incoming laser beam.

22
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In the Littrow configuration, the diffracted ray returns back to the direction

of the incident ray, and for this angle, denoted by θ (θ = α = β), the diffraction

equation reduces to

2p sin θ = mλ. (3.2)

The Littrow configuration is the most common arrangement for reflective

grating measurement systems [45–47] built by NMIs. Some institutes’ systems

are also based on a slightly off-Littrow configuration [48], or conventional non-

Littrow diffraction arrangement [49].

The SI unit of plane angle is the radian (rad). The angle unit is typically

realized by the subdivision of a full circle [50–52]. As in phase angles, one full

circle equals 2π rad. The degree units are non-SI units accepted for use with the

SI units. A full circle is equal to 360 degrees (360◦). One degree can be furher

divided into 60 arc minutes (60′) or to 60× 60 = 3600 arc seconds (3600′′).

3.2 Rotary table angle scales and calibration

The angle scales of precision computer-controlled rotary tables are usually im-

plemented as a scale that is rigidly coupled to the rotating shaft, read by a static

readhead. The scale has, for example, markings read by an optical or magnetic

readhead, consisting of an alternating binary pattern or patterns. The pitch

of the (shortest-period) pattern determines the resolution that can be achieved

without interpolation.

Basic error sources consist of eccentricity, scale distortion and scale swash [53],

and interpolation errors, in addition to wholly nonsystematic noise and dynamic,

e.g. hysteretical phenomena, that are always present in some amount. Eccentric-

ity, scale distortion and swash errors can be reduced using measured error maps

for correction, and eccentricity and swash errors can also be reduced by using

multiple readheads. Figure 3.4 shows a measured error map for full-circle error

of a rotary table.

In addition to the usually smoother full-circle error, imperfect scale interpo-

lation causes a periodic error, the period of which is determined by the period of

the markings on the rotating scale. This short-period error may be different in

different angle positions of a given rotary table, as seen in Figure 3.1.

3.3 MIKES’ laser diffractometer

A laser diffractometer for reflective gratings was developed at MIKES for cali-

brating grating-type nanoscale calibration standards. Publication III describes
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Figure 3.1: Short-period error in MIKES’ diffractometer rotary table around different
angle positions, measured with an autocollimator. Graphs shifted vertically
for clarity. Similar to the figure in Publication III.

in detail MIKES’ laser diffractometer based on the Littrow configuration.

In MIKES’ diffractometer setup, the sample is mounted on a computer-

controlled rotary table, and diffraction angles are measured using a 2-D charge-

coupled device (CCD) photodetector array and the rotary table angle scale. The

setup is shown in Figure 3.2. The light source used with the setup is the MIKES’

532 nm Iodine-stabilized frequency-doubled Nd:YAG laser [54], connected to the

diffractometry setup via an optical single-mode fibre.

Interpolation error and diffraction angle measurement

Detection of the rotary table angles corresponding to the Littrow condition (in-

cident and diffracted ray are parallel) is done by scanning each reflected ray,

i.e. each diffraction order, in small steps on the CCD array used as a null detec-

tor. The short-period indexing interpolation nonlinearity of the rotary table is

reduced by calculating the beam centres of the stepped rays on the CCD array

with a scan length related to the short-period nonlinearity period. The rotary

table angle corresponding to the Littrow condition for one diffraction order is

then calculated using that data of approximately 10 datapoints, each consisting

of a rotary table angle and corresponding CCD array position. The beam centres
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are calculated by thresholding the image and calculating the centre of mass of

the pixels having brightness values above the threshold.

Computer

532 nm
I   stab.
freq.
doubled
Nd:YAG
laser

2

Single mode fibre

Microscope obj.

Beamsplitter
     cubeCCD detector array

Diffraction grating sample
      on rotary table

Beam steering mirrors

Figure 3.2: The diffractometer setup.

Rotary table with repeatable full-circle error

The initial calibrations of the rotary table in the setup, using a calibrated 12-

faced optical reference polygon, showed that the rotary table had a relatively large

and smooth, systematic and highly repeatable, full-circle angle error behaviour.

The calibration required the use of an autocollimator and resulted in a limited

resolution due to the limited number of polygon faces. These findings and facts

led to the idea of using the diffraction angles of a grating for calibrating the table

using error separation.

3.3.1 Principle for self-calibration and error separation

Error separation and self-calibration are principles used in finding information

about errors of e.g. rotary table scales, without reference to a calibrated, external

reference artefact [55].

In the case of the rotary table and diffraction grating, the diffraction angles of

the grating and the nonlinearity of the rotary table angle scale can be determined

using only the “full circle” as the reference.
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With a fixed laser wavelength and grating the diffraction angles should be

the same. The grating sample holder was designed so that it can be attached at

different offset angles to the rotary table. Each offset angle relative to the rotary

table scale results in a set of diffraction angles (diffraction orders ±1,±2, ...).

Repeatedly measuring all the angles from a grating with different angle offsets,

one can obtain information about the error of the rotary table scale. The possible

angle offsets are approximately determined by the positions of screw holes in the

rotary table and sample holder, but this information is neither used nor needed

in the mathematical model developed, because the accurate offset angles can be

inferred from the data as a byproduct when calculating the error map.

In Publication III the angle scale linearization error separation technique was

implemented as follows: first the average grating pitch is determined by mea-

suring an average grating constant from grating pitch measurements done with

different sample angle offsets relative to the rotary table angle scale, then the the-

oretical diffraction angle pattern is computed, and finally a piecewise polynomial

correction is fitted, minimizing the difference of the measured and theoretical

angles using the degrees of freedom of the model.

The least-squares solution finds the best-matching angle offsets for the the-

oretical pattern for each orientation and the parameters of a rotary table scale

correction.

3.4 Freeform pattern and Fourier basis model

Instead of the analysis model of Publication III, this chapter introduces a new

modified analysis method based on free-form diffraction angle pattern and a

Fourier basis rotary table correction. The new model offers one-step compu-

tation of the calibration function from data, instead of first calculating the the-

oretical mean diffraction pattern. The Fourier basis is more naturally suited to

the cyclic angle scale than the piecewise polynomial basis used in Publication

III. The freeform diffraction pattern analysis also accommodates for repeatable

non-ideality in the diffraction angle measurement.

The idea is that the theoretical diffraction pattern is eliminated – it is merely

assumed that the angle pattern is the same for all sample holder orientations,

and the diffraction angles for each order are free parameters in the model.

From here onwards θ refers to the rotary table angle relative to the rotary

table origin, not to the grating surface.

Let θjm denote the measured diffraction angle, measured as the absolute

rotary table angle. The index j ∈ {1, 2, . . . , J} is the index of the sample
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(holder) orientation and the corresponding angle offset on the rotary table, and

m ∈ {1,−1, 2,−2, . . . ,M,−M} denotes the diffraction order. In this analysis we

use a p = 3 μm grating, J = 9 orders and M = 16 sample orientations, as used

in Publication III – i.e. the same measured dataset is used.

Then the freeform model can be written as

θjm = γj + τm +

h∑
k=1

ck cos(kθjm) + sk sin(kθjm), (3.3)

where the parameters solved by fitting the model are the sample angle offsets,

γj , freeform diffraction pattern angles τm, and the Fourier coefficients ck and sk,

k ∈ {1, 2, ..., h} where h is the number of harmonics of the base period of one

full circle. The number of harmonics defines the detail level of the solved angle

scale error function. The freeform diffraction angles and grating angle offsets are

required degrees of freedom in the model, but the Fourier coefficients define the

solved angle scale correction function.

In addition to the 2MJ = 288 equations, now resulting from this definition,

one additional required condition is added by requiring that the sum, i.e. mean, of

the angles in the freeform diffraction angle pattern is zero. Otherwise the problem

lacks a unique solution since a freely selectable mean offset in the diffraction

pattern could be compensated by offsetting the sample offsets accordingly by the

mean value. A similar effect could be achieved by e.g. selecting one of the angles

to be zero by definition.

The model fitting problem can be presented using linear algebra as a matrix

equation:

θ = Ay, (3.4)

where y, in this case, is a vector of the model parameters to be determined and

θ is a vector containing all the measured diffraction angles. More datapoints are

measured than there are free parameters, and the classical least squares solution

is used to find the best-matching parameter vector y.

In this case we have 288 + 1 rows corresponding to 288 datapoints θjm. Four

points have been removed by marking zeros on the corresponding rows of the

matrix equation. The points were clear outliers in the data, most probably due

to erroneous behaviour of the measurement computer program or rotary table.

Twenty harmonics (h = 20) are used as a reasonable number for the full-circle

calibration function, as a compromise between the detail level of calibration func-

tion and over-fitting of noise. The short-period nonlinearity is not separated; it is

made invisible to the diffraction angle measurement to a high degree by scanning

the beam on the CCD detector as described in Subsection 3.3.
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Figure 3.3: Structure of matrix A.

Figure 3.3 shows the values of the elements of matrix A as a grayscale map.

Here A is ordered in such a way that in each row, corresponding to a measured

angle θjm, the first elements are the values of the 2 × 20 Fourier base functions

at that angle, followed by 16 slots for sample offsets and 2 × 9 = 18 diffraction

orders, where a value of one is put at slot 40 + j and 40 + 16 +m, leaving the

other slots at zero and thus selecting the correct diffraction angle and sample

offset parameters. The corresponding structure for the solved y vector is

y =
(
c1 s1 . . . c20 s20 γ1 . . . γ16 τ1 . . . τ18

)T
. (3.5)

3.5 Results

Figure 3.4 shows the result from the new linearization model. Compared to

Publication III, the individual measurement points (measured angles minus es-

timated angle offsets and diffraction angles) are vertically more tightly concen-

trated around the calibration function, possibly because the previous analysis

with the theoretic diffraction pattern shape does not take into account repeat-

able non-idealities in the diffraction angles measured by the system.

This error separation naturally requires repeatability of the real diffraction

angle pattern in the different rotary table offset positions. One metric of this

repeatability is the residuals of the individual data points after fitting the model.
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After fitting the freeform model, the rms value of the residuals was 0.7′′. This

number contains both the repeatability of the angle pattern and the features of

the full-circle calibration function not representable by the selected Fourier basis.

A slightly higher value would be expected if separate sets of measurements were

used for table calibration and angle pattern repeatability, because the model fits

also the noise originating from this repeatability error. The repeatability of the

measured grating pitches after realignments of the grating, and using different

rotary table positions (using calibrated rotary table scale), is shown in Publication

III.
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Figure 3.4: Least squares solution of the new matrix equation. The red markers are
measured angles minus solved sample holder offsets and diffraction angles.
The solid line is the solved truncated Fourier series estimate for the rotary
table angle error.

3.5.1 Validation

In the work described in Publication III, the piecewise polynomial obtained was

turned into an interpolation table with one degree resolution and loaded to the

rotary table controller, and it was shown that the average rotary table error

dropped to below 1′′.

The one-step mathematical solution presented here for determining the rotary

table calibration function from the same diffraction angle measurements can be
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validated by comparison with the calibration function obtained in Publication

III. The standard deviation, or rms difference of the two calibration functions, is

1.2′′. This is probably mostly due to spline interpolation in the old function and

better matching of the new freeform diffraction pattern model to the observed

non-ideal diffraction pattern. The standard deviation of the differences between

solved freeform and ideal diffraction pattern was less than 1.5′′.



Chapter 4

Atomic force microscope with
interferometers

Atomic force microscopes, first described in 1986 [56], have become versatile tools

for measurement of e.g. nanoscale objects. High resolution of a resulting image

may give user the impression of high measurement accuracy, whereas in reality

the scales of the images are often highly nonlinear and variable.

Good traceability can be achieved using AFMs with laser-interferometric mea-

surement of relative movement of the sample and the probe. AFMs can be metro-

logically categorized on the basis of their XYZ scale [57] into three groups. The

highest category has traceability directly via the wavelength of the laser used in

integrated laser interferometers. The middle category has position sensors like

capacitive sensors or strain gauges, calibrated via temporarily attached laser in-

terferometers or by measuring high-quality calibrated physical transfer standard

samples. The lowest category has position measurement based on applied piezo

actuator voltages only, and is usually calibrated using physical tranfer standards.

Metrology institutes have built and used various designs of metrological AFMs

with interferometric measurement [58] in two or three [34, 59–62] axes of move-

ment, or even with up to six interferometer systems capable of measuring also

some or all of the parasitic rotations [63, 64].

The MIKES’ metrological AFM, or interferometrically traceable metrological

atomic force microcope (IT-MAFM), extensively described in previous publica-

tions [65, 66] and in Publication IV, allows e.g. the calibration of standard samples

used for calibrating other AFMs and other nanoscale measurement instruments.

In this chapter the IT-MAFM is introduced with focus on scan and measurement

control, and some geomerical uncertainty components.

31
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In addition to Publications IV and V, further discussion on most error sources

in AFM and metrology AFM measurements can be found elsewhere, e.g. [57, 65,

67].

4.1 Interferometry and XYZ sample stage

The sample scanning and interferometry scheme is shown in Figure 4.1. The

XYZ movement range of the flexure guided piezo stage with internal capacitive

sensors is 100 μm× 100 μm× 16 μm. Three commercial two-pass interferometers

using a single calibrated laser source measure the sample position under the

fixed AFM head. The XY interferometers are differential with the reference

mirrors near the measurement mirrors. The Z measurement is not differential

(reference mirror inside the interferometer optics unit), but the measurement

and reference arm length is short and the use of low thermal expansion materials

restricts the possible errors. The resulting short path length difference of a few

millimetres, i.e. dead path, is compensated for by the measurement program

using online temperature, pressure and humidity data. The orthogonality of

the interferometer axes can be measured using error separation techniques [68].

The properties of the capacitive sensor systems and feedback loop electronics are

discussed in the literature [66, 69].

4.1.1 Abbe errors

If the measurement axes of the positioning system, in this case the axes of the

measurement laser beams of the interferometers, do not coincide with the AFM

measurement tip, the parasitic rotations of the scanner stage cause an Abbe error

(sine error) to the measurement. In the IT-MAFM the approach to Abbe error is

that the AFM measurement tip is placed close to this point where the interferom-

eter axes coincide, called the Abbe point, with 100 μm uncertainty. The parasitic

rotations of the stage have been measured with a calibrated autocollimator, as

described in Publication IV. The observed linear behaviour of the rotations as a

function of position make it possible to calculate a relatively simple contribution

to uncertainty budgets.

4.2 Control method

The stage control method is a hybrid of direct real-time Z-control and soft real-

time two-level XY control. The Z piezo is continuously controlled by a commercial

AFM controller using feedback from the AFM head.
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Figure 4.1: Illustration of MIKES’ IT-MAFM stage with 3-D interferometry and the
AFM head above the stage.

This control method is a compromise between continuous, direct interfero-

metric feedback and passive recording of interferometric positions while scanning

with the stage’s internal sensors. Advantages include flexible control of parame-

ters such as scan area, shape and speed [65]. The measurement is not very fast,

typically, for example, 10 points per second. A practical range for different kinds

of measurement would be from one point per second or less to 100 points per

second.

A control loop using the interferometric position information directly would

make the measurement somewhat faster, but still waiting for the stage motion

would to stop take a similar amount of time. The Z-servo loop would still be rela-

tively slow due to the weight of the moving stage in the current design, compared

to a separate Z scanner in the AFM head. If the stage motion is not stopped for

measurement points, also the current hybrid approach would allow the recording

of interferometric 3-D stage positions while the stage is moving. Stopping the

stage is important when e.g. the effect of the finite response time of the Z-control

loop on the measured topography needs to be minimized.
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The main measurement control is done by a computer program written in the

C language [70]. Figure 4.2 shows an illustration of the XY-control loop of the

measurement program.

• In phase A the interferometric XYZ position is measured by reading the

interferometer channels interleavedly, for the duration of a selectable av-

eraging time. A good value for suppressing the effect of the mechanical

resonance properties of the current stage has been found to be 8ms.

• In phase B it is tested whether the distance to the current target XY posi-

tion is smaller than a selectable tolerance value (e.g. 1 nm–2 nm). Only if

this criterion is met is the XYZ position is recorded for saving to a file and

the target position changed to the next target.

• In phase C the difference between target and measured position is gradually

added to the capacitive position command sent to the XY stage controller,

observing a selectable stage speed limit value.

• Phase D is for the actual stage position to settle before making a new

interferometric measurement. This can be e.g. 25ms.

Usually one iteration is enough for reaching a target position. Target point sets

are usually regular grids. Conversions between the coordinate systems of targets

and capacitive and interferometric positions are dealt with by linear, or affine,

mappings. A user-selectable rotation can be applied so that the scan directions

are rotated relative to the stage.

In addition to optional periodic nonlinearity correction, the current value of

the refractive index of air is taken into account in reading the interferometers.

Temperature sensors are placed near the interferometers, and read by the control

program during the measurement along with a pressure sensor. The program uses

the updated Edlén formula [71] for refractive index. Also dead-path correction

for the Z axis is computed on-line, based on the refractive index and estimated

length difference of the reference and measurement arm.

The interferometer periodic nonlinearity correction tables for all axes can be

measured before the actual AFM measurement by scanning the stage with the

capacitive sensors and recording interferometer positions for application of the

binning algorithm [33] as described also in Publication III.

The control program reads the current time from the Linux operating system

in microsecond units for various timing and multitasking purposes.
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Measure interferometric
       (x,y,z) -position

Add the difference target (x,y) - 
measured (x,y) to the stage position
command and slide the commanded
stage position to that value. 

A B

CD

 Wait for stage   
position settling

IF target (x,y) - measured (x,y) < tol :
save measured (x,y,z) position 
and update target position to next target

Figure 4.2: IT-MAFM XY-control principle. ’tol’ refers to the selected position toler-
ance value.

4.3 Validation and comparison measurement with PTB,

INRIM, and A*STAR

MIKES participated in international NMI-level comparison measurement [72]

on 1-D grating pitches and step heights with the IT-MAFM. Other participants

included PTB (Germany, pilot laboratory), INRIM (Italy), and NMC/A*STAR

(Singapore). MIKES’ results are summarized in Table 4.1 with the reference

values and expanded uncertainties. Also the En values [73] are shown, indicating

that all MIKES’ results are in agreement with the reference, although in the

comparison report it is noted that the way they calculated the En values may

give slightly too small values, using just the sum of the reference and individual

participant uncertainties in the denominator.
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Step height href U(k = 2) hMIKES U(k = 2) En

standard /nm /nm /nm /nm

SH0007 6.31 0.46 6.14 0.70 0.20

SH0040 42.26 0.66 41.52 1.24 0.53

SH1000 1014.12 0.72 1014.05 1.10 0.05

SH2000 2096.81 0.88 2097.92 1.28 0.71

Grating pref U(k = 2) pMIKES U(k = 2) En

standard /nm /nm /nm /nm

1D300 287.600 0.016 287.581 0.044 0.41

1D700 700.758 0.020 700.712 0.068 0.65

Table 4.1: MIKES’ results in the EUROMET Project 925 intercomparison. The ref-
erence values of the comparison are weighted averages of the participants’
results



Chapter 5

Nordic-nano1 comparison

Comparison measurements are an integral part of metrology systems, ensuring

commensurate measurement units between laboratories. Metrology institute -

level intercomparisons have been organized in nanometrology, where e.g. step

height normals [74] and 2-D gratings [75] were circulated among participating

metrology laboratories, with mostly good agreement between the results of the

participants.

This chapter describes the Nordic-nano1 comparison measurement, using 1-D

grating samples with 300 nm and 700 nm nominal pitches. MIKES, along with

the metrology institutes Technical Research Institute of Sweden, Justervesenet

(Norway) and Metrosert (Estonia) organized a comparison measurement for lab-

oratories for mainly scanning electron microscopes (SEM) and AFMs in 2010 -

2011. The purpose of the comparison was to study measurement capabilities at

universities and research institutes.

The comparison started in Finland and was then expanded to neighbouring

areas. None of the participating laboratories were accredited. In addition to mea-

surement results with uncertainty estimates, the laboratories were asked about

the calibration of their instruments. The participating laboratories also gained

knowledge on their instruments and practices.

5.1 On the participants

The number of participating laboratories from Finland was 21, two were from

Sweden, two from Norway and one from Estonia. Many laboratories participated

with more than one instrument. Also separate results for e.g. instrument X and

Y scales are reported as different instruments. Overall there are results from

37
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40 instruments – 25 SEM, 14 AFM and one profilometer – from many different

instrument manufacturers.

5.2 Protocol and samples

The protocol was designed to allow participation by different laboratories and

instruments, using quite flexibly the procedures they would ”normally” use for

such measurement. The measurand used was the average grating pitch in the

centre of the sample at 20 ◦C, in the direction orthogonal to the grooves and

parallel to the surface. The small thermal expansion coefficient of the sample

was given as 0.5 × 10−6 K−1. The measurand was defined with the help of an

illustration of grating profile with distance between corresponding groove edges

measured over N groove periods. This distance can then be divided by N . Some

participants also used spectral methods like the Fourier transform to calculate

the grating pitch.

The comparison samples were 1-D gratings with nominal pitches of 300 nm

and 700 nm. The approximate grating pitch values given by the manufacturer

were 288 nm and 700 nm, respectively. The so-called holographic manufacturing

method of the gratings, based on interference pattern etching, should be relatively

free of discontinuities in the grating profile. The amplitude of the grating profiles

is approximately 100 nm - 200 nm. The comparison was done with two sets of

samples. Figure 5.1 shows the grating surface measured with MIKES’ IT-MAFM

from a 700 nm grating.

5.3 Reference value from the diffractometer

In this comparison, organized by metrology institutes for various kinds of labo-

ratories, the reference value was not a mean of the measurement results of par-

ticipants, but determined with high accuracy with MIKES’ laser diffractometer

described in Chapter 3 and Publication III. The expanded standard uncertainty

(k = 2) of the reference values for all four samples was 53 pm. This is limited by

our internationally accepted calibration measurement capability (CMC) [76].

Diffractometer pitch measurements done for the samples before and after the

comparison differed by less than 20 pm. The diffractometer laser beam averages

the grating pitch from an area of approximately 0.5 mm in diameter.
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Figure 5.1: IT-MAFM image of a 700 nm grating surface

5.3.1 Atomic force microscopy for phase linearity test

An effort was made to check whether the grating samples contained phase jumps,

or discontinuities of the phase of the grating pattern along the sample surface.

Such irregularities could affect the repeatability of the pitch measurement. The

MIKES’ IT-MAFM, introduced in Chapter 4, was used to measure several 80μm
long consecutive, slightly overlapping parts of the grating profile. Each scan area

was 2 μm wide and had 3000 measurement points per scan line and 8 scan lines.

Measurement time per area was 2 hours and 10 minutes. The AFM probe was

used in the noncontact mode. The resonant frequency of the probes used was in

the 300 kHz range. The stability of temperatures inside the instrument enclosure

during measurements corresponded to roughly 5mK standard deviation within a

measurement and 50mK for all the measurements of different parts of the sam-

ples. A short sine and cosine wave pattern was correlated (as a sliding weighted

window) with the profile. The advancing phase angle along the profile, calculated

from the sine and cosine component amplitudes, was analyzed by removing the

linear component from profile phase as a function of the lateral position. No

step-change like jumps in the phase were detected.
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5.4 Uncertainty estimation

In the reports received from the participants, the reporting of uncertainties was

variable. Some laboratories reported uncertainty based on only the standard

deviation of measurement results and some did not report any uncertainty at

all. Standard deviation as the sole basis of uncertainty estimation naturally un-

derestimates uncertainty, not accounting for any ”systematic” errors. Educated

guesses and instrument specifications were also used.

Example uncertainty budget

It was decided also to present in Publication V an example measurement model

and uncertainty budget for pitch measurement derived along the lines described

in “Evaluation of measurement data — Guide to the expression of uncertainty

in measurement” [5] by the Joint Committee for Guides in Metrology. The mea-

surement model equation and uncertainty budget are described in Publication

V.

The constituents are terms due to thermal expansion, calibration factor uncer-

tainty, repeatability and two kinds of cosine error. Calibration factor uncertainty

implicitly includes also e.g. residual Abbe error due to calibration and measure-

ments not being done with exactly the same measurement parameters.

The two cosine errors are due to sample tilt and analysis line not being fully

orthogonal to the grooves (sample rotation around vertical axis). These two

cosine-type errors cause errors in opposite directions, since the former makes the

apparent pitch shorter and the latter makes it longer. These components have

been approximated using terms based on the squares of the angles, as exponential

distributions. The related sensitivity factors have been calculated for the squared

angles. Non-zero uncertainties of these angles also cause systematic corrections

to the measurement result in addition to contributing to the measurement uncer-

tainty. Also, it is good to note that analysis software often subtracts a fitted line

in correcting for sample tilt, instead of rotating the data, causing a cosine error.

The components are quadratically summed, based on the assumption that

the above errors are not significantly correlated.

5.5 Results

Figure 5.2 shows the magnitude of relative deviations of the measured pitch

values from the reference, with relative estimated expanded uncertainties (k = 2)
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for 300 nm gratings, in logarithmic scale. Clearly a large fraction of (especially

SEM results) results differ many times more from the reference value than the

reported uncertainty. Also as shown in Publication V, there is clear correlation

between 300 nm and 700 nm grating result deviations from the reference values,

indicating that a simple scale factor calibration would have corrected a majority

of the deviations.

The average En value [73], measuring the relation of the deviation from the

reference value to the reported uncertainty, was 1.3 for instruments reported as

having been calibrated, while for instruments reported as uncalibrated it was

5.0. A value below one for a measurement result indicates that the reported

uncertainty is large enough to explain the deviation from the reference with rea-

sonable probability. Also, the average deviation from the reference was over three

times higher for uncalibrated instruments compared to calibrated ones. This is

somewhat trivial, but highlights the importance of calibration.

All the results are described and analyzed in detail in Publication V.
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Figure 5.2: Results of the Nordic-nano1 comparison, as (absolute value of) relative
difference from reference value, for a nominally 300 nm grating. The un-
certainty is the estimated expanded (k = 2) measurement uncertainty.



Chapter 6

White-light interferometer
characterization

Scanning white light interferometry [77, 78] (SWLI) is a method that makes it

possible to unambiguously resolve the positions of surfaces or interfaces between

transparent layers of objects. This is accomplished by scanning the distance

of the measured object relative to the interferometer reference arm length and

detecting when white-light interference occurs. Adding stroboscopic imaging to

SWLI results in stroboscopic scanning white light interferometry (SSWLI), which

makes use of synchronized illumination and sample oscillation or excitation with

variable phase delay to measure oscillating objects. The method is suitable for the

measurement of e.g. micro/nanoelectromechanical (MEMS or M/NEMS) devices.

Calibration of SWLI measurements has been already studied using static ref-

erence samples. Traceable calibration for dynamic and quasidynamic measure-

ments of oscillators and shape-changing samples poses additional challenges, some

of which are addressed in this chapter.

6.1 Scanning white-light interferometry

White light interference is the interference of broadband, short coherence length

light with itself. As a basic example, consider the Michelson interferometer illus-

trated in Figure 2.1. In single-wavelength laser interferometry the light source

emits usually a very narrow wavelength spectrum leading to long coherence

length. This enables detection of the periodic interference also with large dif-

ferences in optical path length between the reference and moving mirror arms,

and also makes it possible to use the laser wavelength as a length reference in

measuring distances.

42
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Using a broad spectrum light source leads to an inverted situation. Splitting

the light into two paths and recombining them leads to a measurable interference

pattern only when the two paths are of nearly identical length. This makes it

possible to compare the two absolute path lengths, instead of comparing two

positions of a moving mirror, but removes the possibility of using wavelength

as a length reference. The spectral width (coherence length) of the light source

affects the width of the interference pattern that has the shape of a sinc function

of the length difference.

These properties have been successfully exploited with e.g. the Väisälä inter-

ference comparator in comparing and multiplying lengths [79, 80].

6.1.1 SWLI imaging

In SWLI the optical path length is scanned using a mechanical translator with

capacitive position sensors providing the length scale. Usually, instead of mea-

suring a flat reflector target with a one-pixel detector, a CCD array detector is

used with a moving objective with an internal reference mirror. This enables

relatively easy measurement of the object shape by calculating for each pixel the

scan distance at which white-light interference occurs, using a signal processing

algorithm like the Larkin method [81].

In the work presented in Publication VI, an SSWLI at the University of

Helsinki with a scanned Mirau objective was quasidynamically calibrated with

a transfer standard, as illustrated in the right half of Figure 6.1. By scanning

the objective vertically, in the Z direction, above the sample, height maps such

as those shown in Figure 6.2 could be constructed that have a height value for

each XY pixel. The scale for the vertical scanning originates from the capacitive

feedback sensor used in the piezo stage moving the objective.

6.1.2 Stroboscopic SWLI and dynamic calibration

In stroboscopic SWLI the (oscillatory) motion is frozen by pulsed lighting syn-

cronized to the oscillation, enabling imaging of the object in different phases of

the oscillation, using repeated scans with different phase offsets. SSWLI enables

imaging of oscillating objects up to frequencies of several MHz [82]

Calibration of the SSWLI Z-scale using only a static, traceably calibrated

artefact [83] is not entirely sufficient for dynamic measurements for several rea-

sons: In addition to lighting-related issues such as apparent oscillation amplitude

shrinking due to finite pulse length [84], repeated scanning increases the effect of

e.g. thermal drifts on the measurement uncertainty. Resolution can be affected by
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spectral changes when LED sources are driven with short pulses [85]. For these

reasons a reference producing traceable shape-changing and oscillatory behaviour

is needed.

6.2 Transfer standard

A flexure-guided piezo mechanism with capacitive feedback and attached mirror,

along with a holder with a reference flat, was composed to act as a transfer

standard (TS) that is measurable with both laser interferometer and SSWLI.

The full scan range of the piezo mechanism is approximately 16 μm.

The piezo mechanism and holder are constructed of Super Invar and Invar,

respectively, to attenuate thermal effects. The piezo mechanism controller can

be used to step the height of the mirror, or to oscillate it.

The height of the reference flat compared to the mirror does not need to be

traceable. The reference flat merely provides a zero-point or reference that needs

to be stable during measurement, and the changes in mirror height are what

is ultimately measured with both laser interferometer and (S)SWLI. Use of a

reference flat in the TS significantly shrinks the metrology loop, decreasing the

effect of thermal drifts.

The transfer standard can be used also for dynamic measurements; prelim-

inary tests indicated good repeatability of sinusoidal movement of the mirror,

driven by the piezo controller, at up to 400 Hz. Work on different kinds of

repeatable oscillators for several kilohertz and up to megahertz frequencies is

currently in progress.

6.2.1 Traceability via SDHLI

The TS was calibrated using the SDHLI. The setups for TS calibration using

SDHLI and (S)SWLI calibration using TS are shown in Figure 6.1. The SDHLI

optics were mounted vertically to allow measurement of the TS in the same

orientation as with the (S)SWLI. The measurement beam was pointed to near

the edge of the movable mirror, near the area that fits well simultaneously with the

reference flat in the field of view of the instrument in the (S)SWLI measurement.

Autocollimator for parasitic tilt angle measurement

A calibrated autocollimator was used for measuring the possible parasitic tilting

of the mirror as a function of position. The maximum tilt angle change was less
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Figure 6.1: Transfer standard (TS) measured by SDHLI and SSWLI. M denotes mirror,
D detector and HWP half-wave plate. The images are similar to those in
Publication VI.

than 1.2 μrad over the full scan range of the piezo mechanism – measured in the

same, vertical, orientation as when used in the SDHLI and SSWLI measurements.

Information on the tilt angles is needed for estimation of the Abbe error.

6.3 Calibration measurements and uncertainty

SDHLI measurement

At MIKES, the TS was measured with the SDHLI optics and commercial counter

electronics using a calibrated laser source. The TS was measured in the same

15 positions over the movement range, in approximately 1 μm steps, that were

used with the SSWLI. Laser interferometer periodic nonlinearity was reduced by

separating the aliased nonlinearity period from the dataset of measured positions

and capacitive commanded positions using the model described in Chapter 2.

This linearization was verified by separately measuring the nonlinearity with

finer stepping and by the repeatability of step heights measured with SDHLI

on different days. The uncorrected nonlinearity was several nanometres in these

measurements, probably due to difficulties in aligning the optics.

The uncertainty in the selection of the measurement point on the moving

mirror (Abbe error), and differences in the ambient conditions between SDHLI

and SSWLI measurements, are taken into account in the uncertainty budget for

calibrated TS step positions. The uncertainty budget is shown in Publication VI.

The uncertainty for distances below 10 μm is less than 2.0 nm, and grows to 2.3 nm

for 15 μm. For small scan displacements the distance-independent components of

the budget dominate. The displacement-dependent Abbe error term (assuming
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linear tilt angle change as function of scan position) starts to become significant

for displacements longer than 10 μm.

SSWLI measurement

Figure 6.1 shows the transfer standard with the SDHLI and SSWLI instruments.

Quasidynamic calibration means here that the TS position command was changed

between SSWLI scans but it was not oscillated or otherwise moved during each

scan. The light sources used were pulsed LED with 100 Hz frequency on 0.5%

duty cycle, and a halogen incandescent lamp (continuous light). Figure 6.2 shows

an example of areas on the height map used to calculate the heights of the moving

mirror and reference plane as averages.

Figure 6.2: SSWLI height map image of the moving mirror (upper part) and reference
plane (lower part) of the TS, and an air gap between them. The height of the
air gap is erroneous. The reference surface used in these measurements was
a bit rough. Marked rectangles are examples of areas used for calculating
the height of the mirror and the reference.

6.4 Results

The TS was measured with the (S)SWLI with stroboscopic and continuous halo-

gen lighting in 15 positions. The positions were scanned three times in increasing
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and decreasing order with 1 μm steps and then repeated after several hours. To

reduce the effect of temperature drifting during measurement, a least-squares fit

line was subtracted from the whole data and each unidirectional scan was shifted

to zero mean.

Figure 6.3 shows the results from repeated measurements of TS with pulsed

LED lighting. The SSWLI shows a small linear scale error in the measured range.

The scale amplification error is 0.12%. The standard deviation of the results was

4.5 nm.

Measurement with the halogen light gave an amplification error of 0.05%

and had a larger standard deviation of 6.7 nm. More evidence from different

measurements would be needed to justify using separate scale corrections for the

two light sources in the instrument.
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Figure 6.3: Results of measuring the TS with the SSWLI, using the pulsed LED light-
ing, as deviation from the value measured with the laser interferometer.
The solid line is the mean of the repeated measurements. (From Publica-
tion VI)



Chapter 7

Discussion

The mathematical linearization models described in the two previous chapters

were validated by the experiments using independent reference instruments. This

section provides some additional viewpoints to the simple mathematical periodic

error estimation models presented and, with some general discussion on all of the

previous chapters.

7.1 Periodic error measurement and uncertainty

7.1.1 Sensitivity coefficients and Monte-Carlo

The uncertainty of nonlinearity correction, or (residual) periodic interferometer

error, is often treated as an uncertainty component that has a probability distri-

bution estimated by repeating the measurements and studying the scattering of

results. However, at least in theory, it is possible to model also the periodic error

uncertainty as a function of the input values of the measurement model, and the

distribution of the input values, i.e. the data points.

Both the interferometer and rotary table linearization models are of the form

x = A(x)y, (7.1)

where x is measurement readings and y is the parameters, part of which define

the linearization function. In the interferometer case, only the interferometer

readings are present in both x and A(x), and the capacitive readings affect only

A(x). In the diffractometer case the input data is the measured angles, all angles

being present in both parts, x and A(x).

The solution used is

y = A†(x)x, (7.2)

48



7 DISCUSSION 49

where A†(x) is the pseudoinverse matrix.

Now, analytically solving the sensitivity coefficients is probably possible, but

complicated by the presence of dependencies in the matrix on the input data,

and approximations could be made, but are outside the scope of this thesis.

Monte-Carlo estimation of the uncertainty in the sense of robustness to mea-

surement noise is one option in assessing the models.

As a quick test, adding 1′′ standard deviation normal white noise to the input

angles in the diffractometer data used in the presented results gives a correction

function with approximately 1′′ rms difference from the original (Four repeats

give 1.32, 0.72, 1.16 and 1.54 arc seconds). Dropping the amount of harmonics

would naturally give smaller variation, but a less detailed correction table.

In the case of the interferometer linearization, the repeated scans had 2000 in-

tereferometric and capacitive readings each, with noise level in the 100 pm range,

resulting in 20 pm–30 pm repeatability in rms difference between single successive

correction functions. This relative difference in input and output variation is rea-

sonable in the sense that there are more data points and fewer model parameters

than in the diffractometer calculation, although in the interferometer lineariza-

tion measurement the noise is probably more correlated because of e.g. drifts.

Monte-Carlo evaluation of the sensitivity of heterodyne interferometer peri-

odic error to the optical parameters has been published elsewhere [86].

7.1.2 Error separation and lock-in detection viewpoints

The diffractometer angle scale linearization is a classical error separation in

the sense that two unknown quantities (angle scale and diffraction pattern) are

summed in multiple different combinations for solving them both. The error-

separation in itself requires no knowledge of the laser wavelength for the rotary

table correction measurement, as long as the wavelength remains constant during

measurement, as is typical for error separation [55]. A possible exception would

be a rotary table that measures position by erroneously integrating the position

change signal without absolute position scale, so that one would need to rotate

the table slightly more or less than one full cycle to get the same angle reading.

The interferometer periodic error measurement shares properties with the

diffractometer angle scale error separation and also with lock-in detection, al-

though it differs from both of them.

The interferometer linearization resembles lock-in detection in the sense the

(spatial) frequencies to be filtered out from the scans are known with phase-locked

precision, i.e. the fringe period and its harmonics. Longer scans compare to longer



50

filter time constants in a lock-in amplifier. However, the computational model

clearly differs from a lock-in amplifier since it includes a polynomial model that

well describes capacitive sensors, instead of just a mixer (signal multiplication)

and a low-pass filter, and can easily take into account unevenly sampled data.

Also the periodic interferometer error does not cause a scale amplification

error in scans over multiple periods, in the sense that the “full circle” of interfer-

ometer phase serves as an ideal reference in the same way as in rotary table angle

scale calibration. In addition to periodic error, interferometric measurement can

also have nonperiodic nonlinear errors due to e.g. Abbe error related to nonlinear

parasitic rotation of the measurement mirror.

7.1.3 Number of parameters

Both models were validated with independent measurements, and the parameters

mostly have an intuitive and physical meaning. An information-theoretic analysis

of the number of parameters has not been done. The number of parameters in

the interferometer linearization is quite low and there is really not much that can

be taken out.

In the diffraction angle measurement, with the freeform angle model and 20

harmonics and only a few hundred datapoints, there may be slightly too many

harmonics. Halving the number of harmonics would remove 20 free parameters

(sine and cosine coefficients), probably without much harm to the rotary table

calibration in the diffractometer measurement, thus possibly even removing some

overfitting of noise. However, the noise level in the diffractometer measurement is

much lower compared to the correction amplitude than in the laser interferometer,

and the model parameters are coefficients of highly orthogonal basis functions

with reasonable distribution of measurement points.

7.1.4 Computational complexity

In both linearization models, the least-squares solution involves a relatively full

matrix, but of such a modest size that a modern computer used a fraction of a

second to compute the pseudoinverse solution. On the other hand, one can imag-

ine an application where a microcontroller with limited memory and processing

power has to do the linearization computation fast.

Let us first consider the interferometer periodic error correction. If the ref-

erence is, for example, commanded positions of a capacitive feedback system

with uniform spacing, or evenly sampled interferometer readings with constant

sample rate and constant velocity assumption, it is possible to optimize the ma-

trix calculations [37]. Further down that road is performing a separate removal
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of e.g. polynomial background if needed, and then just using the Fast Fourier

transform. However, the full model with Fourier basis and arbitrary, non-even

sampling is significantly more flexible and consists of a single step. In the diffrac-

tometer case, the matrix can be made sparse by using a piecewise correction

function basis, requiring some care in the construction of the matrix and in the

solving algorithm selection.

7.2 Application of interferometer periodic error mea-

surement algorithms

As discussed also in Publication I, the optimal scan length for periodic error mea-

surement, and possible averaging of results, depends on the required strictness

of linearity. If the periodic error parameters are changing in a linear or smooth

way, an predictive scheme could be used for correction. Further, relaxing the re-

quirement of online correction and independent measurement of nonlinearity, the

periodic error can be calculated from the same dataset that is being linearised.

This is possible because for many measurements the harmonics of the interfer-

ometer period, or their aliased frequencies, can be robustly separated from other

components in the measurement data, as was also actually done in the SSWLI

transfer standard (TS) calibration using the SDHLI. This requires that the data

contains enough samples from different phases of the periodic error, and prefer-

ably spans several periods.

7.2.1 Importance of periodic correction

A good example of a dramatic effect of uncorrected periodic interferometer error

is shown in Publication IV, Figure 4. The measured, slightly tilted, surface of the

flatness standard has artificial periodic waves on it, mainly due to uncorrected

periodic error. In addition to the equipment present at metrology institutes for

calibration purposes, the semiconductor industry, for example, uses interferome-

ters in lithography scanners. The overlay accuracy of lithography masks and the

dimensions of transistor channels [87] have a direct influence on the performance

of the devices produced.

7.3 Scale amplification error correction

The prominent theme, especially in the first part of this thesis has been pe-

riodic, nonlinear error, but the main results for the Nordic-Nano1 laboratories
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and the SSWLI calibration were of the scale amplification coefficient kind. The

most important feature of a calibrated scale is often a scaling, or “amplifica-

tion” coefficient, the determination of which by calibration is most important

for the establishment of traceability. The finite amount of measurement data in

the measurements, and mostly linear error behaviour in the measured ranges,

warrant mainly the inference of amplification coefficient errors.

However, to be able to measure e.g. transfer standards like gratings and piezo

mechanisms with high accuracy and precision, and low uncertainty, it is essential

to be able to understand and correct also the periodic and otherwise nonlinear

errors.



Chapter 8

Conclusions

In this thesis, scale linearization methods for interferometers and diffractome-

ters were developed and reviewed. Interferometry and diffractometry were har-

nessed in metrological AFM design and mapping the measurement capabilities

of other laboratories via a comparison measurement with grating samples. An

interferometrically calibrated vertically moving stage transfer standard was used

to calibrate a stroboscopic scanning white light interferometer in a quasidynamic

mode.

The linearization scheme with capacitive sensor and simple linear computa-

tional model was shown to be able to measure periodic interferometer nonlinearity

error with 10 pm-level uncertainty. The developed frequency counter based phase

detection method proved to be feasible, and the developed SDHLI interferome-

ter optics can be used for accurate interferometric measurements. Measurements

with the X-ray interferometer supported the view that periodic nonlinearity in

an interferometer can be accurately measured to produce a correction function,

and that the correction should be updated quite often, or continuously, because

of the drifting of the periodic error. Separating the periodic error from mea-

surements using a capacitive sensor or different wavelength interferometer is a

viable alternative and addition to inherently very highly linear interferometers in

applications requiring small periodic error.

Diffractometer angle scale linearization by error separation with a grating

provided a relatively easy way to decrease the full-circle error of the rotary table

in the setup by a factor of 50. The correction for the rotary table acquired by

measuring the diffraction angles with different angle offsets on the rotary table

is more detailed than the one acquired using a 12-sided calibrated polygon and

autocollimator. Diffraction grating pitch measurements with less than 10 pm

uncertainty are possible with the described setup.

53
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Additional viewpoints on the linearization models and discussion of the results

presented in this thesis were provided in Chapter 7.

The application of interferometry to AFM sample stage 3-D position mea-

surement was discussed with a review of aspects of the control system of the de-

veloped MIKES IT-MAFM. MIKES’ results with the IT-MAFM in a step height

and grating pitch comparison were summarized, validating the metrology capac-

ities of the instrument. The IT-MAFM can be used for calibrating nanoscale

calibration standards and for interferometrically traceable AFM measurements.

The Nordic-nano1 comparison measurement circulating 1-D grating samples

in various Finnish, Swedish, Norwegian and Estonian laboratories with SEMs

and AFMs was useful in mapping the measurement capabilities and measurement

scales of several laboratories, and the participating laboratories got a chance to

assess their skills, instruments and procedures. Differences between the results of

instruments reported as calibrated, versus instruments reported as not calibrated,

quite dramatically demonstrated the importance of calibration for obtaining ac-

curate results, and showed the widely varying quality and accuracy of the results,

including uncertainty estimates.

The SSWLI is an instrument that in addition to optically measuring the

topography of static and oscillating samples has the ability to measure layer

(transparent) thicknesses, and static and moving interfaces inside objects. The

developed quasidynamic SSWLI calibration with interferometerically traceable

transfer standard provides methods for traceable measurements with SSWLI,

and one angle of approach towards the target of traceable dynamic calibration of

SSWLI with nanometre accuracy.

The semiconductor industry is a technology branch requiring ever stricter

accuracy in e.g photomask metrology and positioning [1]. This is an example

of an area that benefits from new accurate interferometric methods like those

presented in this thesis.

All of these developments strengthen the nanometrology capacity of MIKES.

The diffractometer and IT-MAFM are used for calibrating other laboratories’

reference standard samples, used for e.g. calibration of different kinds of micro-

scopes.
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