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Abstract 
 

A push to automate areal surface topography measurement workflows in 

advanced manufacturing has created demand for more efficient calibration tools. 

Routine dimensional inspection of surface texture as well as of small features such 

as pits, embossed channels and printed conductors, requires calibration support to 

ensure measurement traceability. The international standards community 

continues to develop specification standards such as ISO 25178 Part 700 to define 

the calibration methodology for areal topography instruments. A key concept is 

that the measurement uncertainty of a shop floor instrument can be estimated 

using a simple measurement model that involves a short list of instrument 

metrological characteristics, such as flatness deviation, noise, scale linearity and 

amplification. 

     We present here our second-generation areal surface texture standard, the NPL 

Areal Standard: high-precision single-wafer design for efficient traceable 

calibration of areal instruments. We will include the design and reference 

calibration of this second-generation areal standard, as well as its intended 

industrial use to provide traceability for a typical measurement application. The 

benefits of the single-wafer format for automated calibration workflow will be 

described, along with an example of use with a fast in-line 3D sensor.  

 

1 Introduction 
 

Modern manufacturing uses surface functionalization to change or improve 

physical behaviour of a component, and topography can be critical to part 

performance [1]. There has been a significant increase in use of areal surface 

texture measurement for formal quality control in advanced manufacturing; 

supported by standardisation activity [2]. The ISO 25178 suite of standards covers 

areal surface texture measurement and describes a series of tests that can be 
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carried out to calibrate the surface texture measuring instrument. The ISO 25178 

calibration method relies on a simplified input-output measurement model that 

allows the uncertainty to be calculated from the values of a limited number of 

input quantities, called metrological characteristics (MC) [3], and summary 

information about their associated probability distributions (means and standard 

deviations). MCs, including noise and flatness deviation [4], scale linearity and 

amplification [5], and resolution [6], provide a convenient way to estimate 

measurement uncertainty by treating the instrument as a ‘black box’. The use of 

MCs simplifies uncertainty analysis for the user’s specific measurand, such as 

surface roughness or groove cross section critical dimensions.  

     The MCs of an areal surface texture measuring instrument are evaluated using 

material measures (calibration artefacts). NPL previously introduced a set of five 

material measures fabricated using a cost-effective replication method [2]. 

However, the multi-chip format is not conducive to automation for efficient 

calibration, motivating further development.  

 

2. Design of NPL Areal Standard and its traceability 
 

To improve efficiency of topography instrument calibration tasks, NPL has 

introduced the NPL Areal Standard, a traceable high precision 3D reference 

standard designed to calibrate all the core MCs of areal topography instruments. 

The NPL areal standard is a 10 mm square silicon wafer bearing calibration 

patterns produced by electron beam lithography. The silicon wafer is set in a 

50 mm square toughened glass plate, engraved with a unique serial number. The 

NPL areal standard contains cross gratings, grooves with known depths, 

resolution stars and a flat region, as well as a 2D spatial frequency response 

feature and a vision-compatible outer scale for automated navigation (see 

figure 1). The nominal sizes of features and typical measurement uncertainties are 

summarised in table 1. 

     The NPL Areal Standard is optimised for optical instruments equipped with 

10×, 20× and 50× magnification objectives, and for high resolution contact stylus 

instruments. Having multiple features on the single wafer enables automation of 

both the calibration and use of the artefact, thereby further reducing the time and 

cost involved in characterising measuring instruments, handling and maintenance. 

NPL good practice guides (e.g., [7]) describe how to apply the artefact’s features. 

     The NPL Areal Standard is supplied in a clean-room compatible container with 

two separate electroformed deterministic pseudo-roughness artefacts (areal 

irregular patterns – Type AIR), AIR-B40 and AIR-B70 for the validation of 

instrument performance [1]; a flash drive with calibration data and certificate is 

also included. Traceability to the international system of units (SI) is achieved by 

comparing the NPL areal standard under test to a nominally identical areal 

standard measured on the NPL Areal Instrument [8]. This is a primary instrument 

that uses interferometry to measure the position of a stylus tip rastered over the 

sample; calibration of the interferometer laser wavelength provides traceability to 

the metre. The master and test areal standards are compared using a typical high-

performance coherence scanning interferometer (CSI). 
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Figure 1: Features on NPL Areal Standard. 

 

Table 1: Summary of features on the NPL Areal Standard. 

Metrological 

characteristics 

Feature 

(Type [9]) 

Nominal size Typical standard 

uncertainty  

Amplification 

coefficient, linearity, 

perpendicularity  

Step height 

(PGR) 

2 000 nm; 1 000 nm; 

500 nm; 200 nm; 

100 nm; 50 nm 

4.0 nm 

Pitch (ACG) 

100 µm 0.7 µm 

50 µm 0.4 µm 

20 µm 0.3 µm 

Flatness deviation, 

measurement noise 

Flatness 

(AFL) 
Sz  20 nm 4.0 nm 

Lateral period limit 

Resolution 

star pattern 

(ASG) 

Range /µm Depth /nm 
 

2.8 to 50 200 0.4 µm 

1.4 to 25 200 0.8 µm 

1.4 to 25 50 0.8 µm 

0.4 to 6 50 0.8 µm 

Validation of 

instrument 

performance 

Sa, Sq, Sz, 

Ssk, Sku 

(AIR) 

40 µm autocorrelation 

length 

Sa =  

Sq =  

Sz =  

Ssk =  

Sku =  

0.013 µm 

0.011 µm 

0.056 µm 

0.045 

0.189 

70 µm autocorrelation 

length 

 

     The NPL Areal Standard has been used to verify the performance of a fast, in-

process confocal 3D line sensor, essentially an array of optical profilometers with 

a common objective lens. By performing a small number of scans over a single 

calibrated step (Type PGR) feature, then analysing the profile acquired at each 

pixel, the pixel-wise height amplification (scale) was verified (see figure 2). The 

apparent step centroid per pixel was used to update estimates of small per-pixel 

Flat region (Type AFL) 

Step heights (Type PGR) 

3D resolution stars (Type ASG) 

Cross gratings (Type ACG) 

2D resolution target 
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offsets from the nominal uniform array, such as the flatness deviation. These 

methods, described further in [10], enable efficient in-situ use of the NPL Areal 

Standard to maintain measurement confidence of industrial 3D sensors. 
 

 

 

Figure 2: Line sensor verification using 

2 µm PGR: (a) example pixel profiles; 

(b) flatness deviation after levelling; and 

(c) per-pixel step height estimates. 

Repeatability in (b,c) is much smaller 

than the inter-pixel (channel) variation. 
 

3. Summary 
 

The NPL Areal Standard is a single chip, cost efficient traceable high precision 

areal standard artefact, designed to calibrate areal surface topography measuring 

instruments. This product is integral to the provision of an updated NPL service 

for the supply and calibration of areal surface texture artefacts. 

 

4. Acknowledgements 
 

This work was funded by the UK Government’s Department for Business, Energy 

and Industrial Strategy (BEIS) through the UK’s National Measurement System 

programmes, and under the EMPIR initiative, co-funded by the EU’s Horizon 

2020 research and innovation programme and the EMPIR Participating States. 

 

References 
[1] Leach RK, Giusca CL, Haitjema H, Evans C and Jiang X 2015 CIRP Ann. - 

Manuf. Technol. 64 797–813 

[2] Leach RK, Giusca CL, Guttmann M, Jakobs PJ and Rubert P 2015 CIRP 

Ann. - Manuf. Technol. 64 545–8 

[3] ISO/DIS 25178-600 2010 (International Organization for Standardization) 

[4] Giusca CL, Leach RK, Helary F, Gutauskas T and Nimishakavi L 2012 

Meas. Sci. Technol. 23 035008 

[5] Giusca CL, Leach RK and Helery F 2012 Meas. Sci. Technol. 23 065005 

[6] Giusca CL and Leach RK 2013 Meas. Sci. Technol. 24 105010 

[7] Giusca CL and Leach RK 2013 NPL Good Practice Guide 127 

(Teddington, UK: National Physical Laboratory) 

[8] Leach RK, Flack DR, Hughes EB and Jones CW 2009 Wear 266 552-554 

[9] ISO 25178-70 2014 (International Organization for Standardization) 

[10] Jones CW and O’Connor D 2018 Meas. Sci. Technol. 29 074004 

https://doi.org/10.1016/j.cirp.2015.05.010
https://doi.org/10.1016/j.cirp.2015.03.002
https://www.iso.org/standard/67651.html
https://iopscience.iop.org/article/10.1088/0957-0233/23/3/035008/meta
https://iopscience.iop.org/article/10.1088/0957-0233/23/6/065005/meta
https://iopscience.iop.org/article/10.1088/0957-0233/24/10/105010/meta
http://www.npl.co.uk/publications/calibration-of-the-metrological-characteristics-of-coherence-scanning-interferometers-(csi)-and-phase-shifting-interferometers-(psi).
https://doi.org/10.1016/j.wear.2008.04.072
https://www.iso.org/standard/57688.html
https://iopscience.iop.org/article/10.1088/1361-6501/aababd/meta

