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Abstract 

 
White light interferometry (WLI) is inherently non-contact and is therefore 

preferably used for sensitive and easily deformable surfaces. WLI allows a fast 

areal capturing of micro topography with sub-nanometre vertical resolution and 

lateral resolution in the sub-micrometre range. However the vertical 

measurement range of most white light interferometer is limited by the range of 

piezoelectric actuator for the axial scan motion to capture the image stack with a 

sufficiently small sampling distance. The measurable field is also predetermined 

through the microscope magnification and the size of the image sensor. For 

measuring large samples whose lateral dimension exceed the field of view of the 

WLI, a stitching or fusion of several measurements at adjacent positions is 

necessary. By integrating a white light interferometer into a nanopositioning and 

nanomeasuring system (NMM-1) the fields of view can be fused with the help 

of the high precision position data of the positioning system without the use of 

stitching algorithms and unique surface structures and features. The NMM-1 

features a reliable measurement resolution of less than 0.1 nm and expands the 

measurement range of the WLI to its whole positioning volume of 

25 mm x 25 mm x 5 mm. The metrological characteristics of the integrated WLI 

are identified for the field of view by utilising an areal calibration set. The 

orientation of the WLI to the coordinate system of the positioning system was 

calibrated and the result can be considered in the fusion of measurement data. 

The detailed identification of measurement noise, flatness deviation, scaling and 

linearity errors, amplification coefficient, perpendicularity of the axes, and 

resolution of the measurements along the axis of operation and calibration 

procedures are discussed in this paper.  
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1 Introduction 
 

Nowadays the measurement tasks for micro- and nanomeasuring systems are 

characterized by decreasing structural sizes and feature miniaturization with 

increasing component dimensions at the same time. This always drives the 

developments in micro- and nanometrology. The measurement uncertainty has 

to be 5 to 10 times better than the required manufacturing tolerance [1]. 

Different optical measurement principles and methods have been developed to 

meet such demands. In comparison with tactile methods the optical measuring 

methods are preferred especially for sensitive and easily deformable surfaces 

due to its inherently non-contact nature. Moire´ [2, 3], electronic speckle pattern 

interferometry [4], laser scanning [5], photogrammetry [6] are only few of many 

techniques. 

As one of the important optical measurement methods, white light 

interferometry (WLI) has been well researched in the last two decades. This 

method was developed in 1970’s by Flourney et al. [7] and based on detection of 

the coherence peak in white light interferograms created by two interfering wave 

fronts. The method has many advantages, such as its non-contact nature, fast 

measurement speed and high vertical resolution. The WLI provides 

measurements of surface texture and heights at the micro- and nanometre scales. 

Inside the interferometer, the incident light is divided into the measuring beam 

and the reference beam. The interferogram is only be imaged by the CCD 

camera when the optical path difference between the measuring beam and the 

reference beam is less than the coherence length of the light source and the 

target area of the sample stays on the right distance to the objective. In contrast 

to classical interference microscopy, the WLI uses very short coherence lengths 

in order to detect the interference maximum of zero order. For the measurement 

a vertical scan motion e.g. driven by a piezoelectric actuator is necessary to 

move the object surface in vertical direction to get an image stack. In this case, 

the measurable height range in the vertical direction is limited by the range of 

piezoelectric actuator. The measurable field in horizontal direction is 

predetermined through the microscope magnification and the size of the image 

sensor. Of course the field of view can be extended by using an objective with a 

lower magnification, but as a result the lateral resolution will be deteriorated. 

Therefore when the lateral dimension of the surface exceeds the field of view of 

the white light interferometer, a stitching or fusion of several measurements at 

adjacent positions can be carried out. Most of the WLI systems are equipped 

with an inaccurate positioning system to move the sample in the x- and y-

direction to measure several fields side by side. The exact displacement and tilt 

between the adjacent measured fields can be established only with the help of 

the overlapped areas of the adjacent fields. The accuracy of the stitching is 

dependent on the type of the algorithms to determine the correlation between the 

similarities of the same topography in different measurement fields. To realise a 

stitching the adjacent fields must have a reasonable amount of overlap (at least 

of 15 % – 30 %) to overcome the influence of lens distortions and provide 

enough detectable characteristics. In the overlapping sections, significant 
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features of the measured structure must be spotted like edges, blobs, corners, 

otherwise the stitching can’t work correctly. The stitching itself is very time-

consuming and also identified as an additional error source. All uncertainties 

from each stitching step have an adding up influence to the measurement 

inaccuracy. 

The integration of a white light interferometer into the NMM-1 provides a 

solution to increase the measurement range without reducing the measurement 

resolution. Hereby a white light interferometer can profit from the high 

positioning accuracy and large measuring volume of the NMM-1. The fields of 

view can also be fused without overlapping with the help of the precise position 

data from the positioning system. Such fusion of the measurement data is faster 

and can be more accurate. 

 

2 System setup 
 

To make full use of the capabilities of WLI the sensor system was integrated in 

a nanopositioning and nanomeasuring system NMM-1. The fundamental and 

innovative concept of NMM-1 is the realization of the Abbe comparator 

principle in all three measurement axes [8]. The NMM-1 was developed at the 

Ilmenau University of Technology and was produced by the company SIOS 

Meßtechnik GmbH in Germany. The NMM-1 features a positioning and 

measuring volume of 25 mm x 25 mm x 5 mm. A corner mirror used for 

carrying the object to be measured is positioned by a three-axis drive system. 

The position of the corner mirror is measured with three homodyne 

interferometers supplied by three frequency stabilized lasers. All the three 

measuring axes intersect at one point, in which case the set-up fulfils the Abbe 

comparator principle in all three axes. This has the effect that systematic and 

random tilting of the guiding elements results not in so called first-order errors. 

The interferometer measurement results are used for a closed-loop position 

control of the corner mirror to compensate the linear stages’ guide errors. By 

using two optical autocollimators in x- and y-axes, angular deviations of the 

guide system are also measured. An additional angular control system using the 

four z-axis drives compensates the angular errors about the x- and y-axes. The 

positioning system provides a reliable measurement resolution of 0.1 nm with 

the smallest step of 0.02 nm. The positioning uncertainty is less than 10 nm for 

the entire measurement range. [9] 

The NMM-1 realises a simple integration of different sensor systems with its 

set of analogue inputs. The layout of the integration of a WLI sensor in the 

NMM-1 is illustrated in Figure 1. A commercial WLI microscopy sensor 

developed by GBS is applied. The interferometer system is mounted on the 

metrology frame of the NMM-1 and the vertical scan motion is carried out by 

the NMM-1, which moves the stage with the tested specimen (see Figure 1). The 

three interferometers inside the NMM-1 read the stage position in real time so 

that the positioning control loop can assure a movement resolution of 

0.1 nm  [10]. The control unit of NMM-1 generates during the axial scan the  
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Figure 1: System set up 

 
trigger signal for the image sensor. A 14-bit monochromatic CCD camera 

(FireWire 1394b, up to 30 fps) records the interferogram at equidistant positions 

and transfers them into the computer for data processing. Figure 2 (left) shows 

the probe sensor set-up in the NMM-1. 

 

 
Figure 2: Photograph of the measurement setup (left) and schematic design of 

an areal calibration standard of NPL type ACG (right) 

 

 

3 Calibration of the integrated sensor 
 

A calibration is necessary for the most measurement procedures. This is 

especially true in those cases where a large number of difficult-to-identify and 
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difficult-to-control factors hinder the experimenters in their efforts to obtain 

reliable measurement results. Dimensional measurements of features on the 

micro- and nanoscales are one such case [11]. 

The tilt orientation of the WLI sensor has decisive impact on the 

measurement accuracy for large areas. Therefore the calibration of the sensor 

orientation must be carried out with great care. This is an important requirement 

to make the results of these fast and accurate measurement method reliable. 

Metrological characteristics and WLI sensor orientation are involved in 

calibration. 

 

3.1 Calibration of the metrological characteristics 

 

The metrological characteristics of the combination of WLI sensor and the 

NMM-1 are identified for the field of view by utilising an areal calibration set 

from NPL. According to DIN EN ISO 5436-1, the following characteristics are 

taken into account or rather calibrated: measurement noise, flatness deviation, 

scaling and linearity errors, amplification coefficient, perpendicularity of the 

axes, and resolution of the measurements along the axis of operation. The 

calibration procedures were made according to the calibration guide of NPL 

[12]. With these calibrations the following maximum uncertainty for three axes 

can be achieved (for setup with 20x magnification lens): ux of 820 nm, uy of 

537 nm and uz of 4.5 nm. 

 

3.2 Calibration and correction of sensor tilts 

 

An important requirement for measuring large ranges is that orientation of the 

coordinate system of WLI sensor is aligned to the NMM-1 coordinate system. If 

the coordinate system of WLI sensor not corresponds absolutely to that of the 

NMM-1, the resulting measurements are displaced by horizontal and vertical 

offsets. 

A WLI sensor misalignment about the z-axis leads to horizontal 

measurement deviations. Take a spot on the measured surface as an example, 

position of the spot in the first measurement is as shown by the red point, 

position of the spot in the second measurement with NMM-1 moved in x-

direction is as shown by the blue point (see Figure 3). 

If the WLI sensor is tilted about the x- and y-axis, the observed surface data 

are also tilted. The WLI sensor was already aligned manually by the mechanical 

fixture. However it is impossible that a perfect alignment can be achieved. If the 

remaining tilt of the WLI sensor in accordance to the machine coordinates is not 

considered, then the resulting height data is evident as jumps at the transitions of 

adjacent fields of view displacing in the height direction to each other by a 

constant offset (see Figure 4). For example a size of the area of 366 µm and a tilt 
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Figure 3: Appearance of the lateral offset 

 

of 1° leads to a height offset of 6.388 µm. These WLI sensor tilts and offsets 

per lateral displacement have to be calculated and compensated for the fusion 

of measurement data. 

 

 
Figure 4: Height offset between two measuring areas 

 

For the calibration of the WLI sensor tilts an areal calibration standard from 

NPL was used. The measurements were made on a 3D calibration specimen 

ACG-1.2 (1200 nm step height, with five different pitches: 400 µm, 160 µm, 

100 µm, 40 µm, 16 µm, see Figure 2, right), which the centre gravity of the 

square holes of the grids was calibrated and the results were given. For the 

determination of the WLI senor tilt the centre of gravity of the squares of the 

cross grating can be used. A feature identification algorithm was used to isolate 

the square holes. The position of the centre of gravity (xc, yc) can be calculated 

using the coordinate of the points inside each square hole. 

 

 𝑥c =
∑ 𝑥𝑖𝑗∙𝑧𝑖𝑗

∑ 𝑧𝑖𝑗
, 𝑦c =

∑ 𝑦𝑖𝑗∙𝑧𝑖𝑗

∑ 𝑧𝑖𝑗
, (1) 

 

(xij, yij, zij) indicates the coordinate of the points inside each square hole. 

In order to calculate the position of the gravity centre of each square hole in 

the z-direction n points of a quadrate centred on the according to equation (1) 

calculated (xc, yc) are selected. Then the z-coordinate of the gravity can be 

derived as: 
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  𝑧c =
∑ 𝑧𝑖𝑗

𝑛
 (2) 

 

The idea of the calibration method is to register points of the same area of 

one object in two measured topographies, which have been captured with the 

WLI sensor at two different lateral positions with a well-defined distance in x- 

or y-direction. Between the two measurements there is an overlapping area in 

the two captured topographies (see Figure 5). 

 

 
Figure 5: Generation of two partly overlapped measured areas by moving the 

standard with a predefined distance (xR, yR, zR are the NMM-1 coordinates, xS, 

yS, zS are the WLI sensor coordinates and ΔxS, ΔyS, ΔzS are components of the 

displacement vector ΔX of the surface in WLI sensor coordinates for a defined 

displacement ΔxR or ΔyR in NMM-1 coordinates) 

 

The three-dimensional displacement of the grating in the two recorded 

topographies resulting from the lateral motion of the grating by the NMM-1 and 

is influenced by the WLI sensor orientation. Rotations of the calibration 

specimen around the x-, y- and z-axis occur only because of the guidance 

deviations for the two positions of the grating. The displacement and the 

rotations can be calculated by using the gravity centre coordinates of 

overlapping area in two measurements. An average translation vector is 

calculated over all corresponding point pairs based on non-linear least-squares 

algorithm. The coordinate transformation is defined by the following equation: 

 

 𝑋S,2
′ = ∆𝑋 + 𝑅(𝜑)𝑋S,2 (3) 

 

In equation (3)  𝑋S,2 is the 3D coordinate vector of the centres of gravity in 

overlapped area of measured area 2 in figure 5 and 𝑋S,2
′  is the transformed 

coordinate vector. ∆𝑋 is the translation matrix and 𝑅(φ) is rotation matrix given 

by equation (4)- (7): 

 

 𝑅(𝜑) = 𝑅(𝜑𝑥  )𝑅(𝜑𝑦)𝑅(𝜑𝑧) (4) 
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 𝑅(𝜑𝑥) = [

1 0 0
0 𝑐𝑜𝑠𝜑𝑥 𝑠𝑖𝑛𝜑𝑥

0 −𝑠𝑖𝑛𝜑𝑥 𝑐𝑜𝑠𝜑𝑥

] (5) 

 

 𝑅(𝜑𝑦) = [

𝑐𝑜𝑠𝜑𝑦 0 −𝑠𝑖𝑛𝜑𝑦

0 1 0
𝑠𝑖𝑛𝜑𝑦 0 𝑐𝑜𝑠𝜑𝑦

]  (6) 

 

 𝑅(𝜑𝑧) = [−
𝑐𝑜𝑠𝜑𝑧 𝑠𝑖𝑛𝜑𝑧 0
𝑠𝑖𝑛𝜑𝑧 𝑐𝑜𝑠𝜑𝑧 1

0 0 1

] (7) 

 

Six transformation parameters (∆𝑥, ∆𝑦, ∆𝑧, 𝑅(φx), 𝑅(φy), 𝑅(φz)) must be 

found to ensure that the distances between 𝑋S,1 (coordinate vector of the centre 

of gravity in overlapped area of measured area 1) and 𝑋S,2
′   are minimal. Then 

the target function can be described with equation (8): 

 
𝐹(𝑋) = ∑ √(𝑥𝑆,2𝑖

′ − 𝑥𝑆,1𝑖)
2

+ (𝑦𝑆,2𝑖
′ − 𝑦𝑆,1𝑖)

2
+ (𝑧𝑆,2𝑖

′ − 𝑧𝑆,1𝑖)
2

𝑛

𝑖=1

 

 min. 

(8) 

 

In order to solve such non-linear problem, Gauss-Newton iterative method 

can be used. The function is firstly linearized with Taylor expansion around a 

point 𝑋k: 

 

 𝐹(𝑋) ≈ 𝐷𝐹(𝑋k)(𝑋 − 𝑋k) − 𝐹(𝑋k) (9) 

 

After several iterations of the Gauss-Newton method, the sum of squares of 

residuals decreased and researched the minimum. The optimal parameters of the 

translation matrix ∆X  and the rotation matrix 𝑅(φ)  can be determined. The 

calibration can be carried out separately with two movements ΔxR and ΔyR of 

the grating in the x- and y-directions. The factors ΔXx/ΔxR and ΔXy/ΔyR can be 

used for the three-dimensional translation of the measurement data for each 

measurement area with a known lateral displacement by the NMM-1. The result 

of the three-dimensional translation is a data set in the WLI sensor coordinate 

system. The factors ΔXx/ΔxR and ΔXy/ΔyR can also be used for the determination 

of angular deviations of the WLI sensor orientation and the rotation of the WLI 

sensor data sets about all three axes of the NMM-1 coordinate system. The result 

is a data set in the NMM-1 coordinate system. 

 

4 Measuring large area without overlapping fields 
 

To verify this correction algorithm a calibration sphere with diameter of 5 mm 

was measured at four adjacent positions. The results of the four individual 

measurements were fused to a common height data map with a total lateral 
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effective area of 732 µm x 732 µm and lateral resolution of 2.73 Pixel/µm (see 

Figure 6). In comparison with the fused result without correction of the sensor 

tilts (see Figure 6 (c)), that with correction is more accurate and without offset, 

gap or deformation (see Figure 6 (b)). 

 

 

 
Figure 6: Fused result of a sphere surface (a), profile line with correction (b) 

and without correction(c) 

 

4 Conclusion 
 

With the aim to extend the measurement range of the white light interferometer, 

a WLI sensor system was integrated into a nanopositioning and nanomeasuring 

machine. In this case, a high precision measurement with large measurement 

range without overlapping fields is realised. Calibration method to identify the 

metrological characteristics and determine the orientation of the integrated WLI 

sensor has been demonstrated. The calibration results of the WLI sensor 

orientation have been considered in the fusion of measurement data and 

consequently a data fusion using the machine coordinates without overlapping 

areas are possible. In contrast to conventional stitching methods, the results from 

individual measurements at adjacent lateral positions can be fused without 

matching algorithms. This developed method was exemplarily proven by fusion 
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of the measurement data of adjacent areas on a spherical surface into a single 

height data map. 
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