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Manufacturers nowadays have access to state-of-the-art areal surface topography measurement instruments that
allow investigation of surface topography at unprecedented levels of detail and over a wide range of scales. How-
ever, high value-added products have demanding requirements, pushing measurement technologies to their lim-
its. Therefore, a deeper insight and more comprehensive understanding of performance and behaviour of current
areal surface topography measurement solutions is often needed. In this work, we investigate and compare the
results when measuring the same surface with different, state-of-the-art areal surface topography measurement
solutions involving the principal optical technologies, notably focus variation microscopy, coherence scanning in-
terferometry, imaging confocal microscopy and point autofocus instrument, operated using different set-ups. The
test case is a highly engineered surface obtained through a sequence of mechanical and chemical surface mod-
ification processes. The surface has complex topographic formations at micrometre and sub-micrometre scales,
and is characterised by the presence of a thin transparent layer, notoriously challenging for optical measurement.
The topographies reconstructed from measurement are compared both in terms of visual appearance and texture

parameters.

1. Introduction

Surface engineering is increasingly applied to improve manufactured
products, adding value to various aspects such as performance, durabil-
ity and aesthetics [1]. Applications include optimising aeroplane wind-
shield and turbine blade surfaces to repel high-speed water drops [2],
improving electrocatalysis efficiency of fuel cells for transportation ap-
plications [3], tailoring the surface roughness of scaffolds for skeletal tis-
sue regeneration [4], enhancing cavitation corrosion resistance of engi-
neering components such as mechanical heart valves and ship propellers
[5] and developing consumer products with more appealing ‘look and
feel’ to attract consumers [6]. To achieve the specified surface proper-
ties, surfaces are often subjected to advanced mechanical, thermal and
chemical modification processes [5,7,8]. Quality control for these mod-
ification processes often pushes areal surface topography measurement
to its limits. In such demanding scenarios, a better understanding of
how the measurement instruments operate is necessary in order to bet-
ter utilise them to capture the signatures of the topography modification
processes.

A wide range of measurement technologies is available to capture
surface topographies with features at micrometre and sub-micrometre
scales [9]. The ISO 25178 series [10-16] of specification standards has
been created for areal surface topography measurement, with ISO/FDIS
25178-600 [15] describing nominal metrological characteristics of areal
surface topography measurement instruments and ISO/CD 25178-700
[16] describing the calibration and verification of the instruments. Areal
surface topography measurement instruments are individually described
in the ISO 25178-60x series and their calibration has been investigated
in several studies [17-25]. Covered technologies include contact stylus
[10,19], imaging confocal microscopy (ICM) and chromatic confocal mi-
croscopy [11,19,20,26], phase shifting interferometry [25] and coher-
ence scanning interferometry (CSI) [12,18-20], point autofocus instru-
ments (PAI) [13,23] and focus variation microscopy (FVM) [14,24,27].
The methods suggested in the ISO 25178 series to characterise the
metrological performance of the measurement technologies require the
use of calibrated material measures [9,15,17], which typically have rel-
atively simple geometries, such as flat surfaces and step height features.
As a result, such methods cannot accurately characterise the behaviour
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of instruments when dealing with challenging materials with complex
optical properties, surfaces subjected to a sequence of modification pro-
cesses and surfaces with complex and highly irregular topographies
[28]. In such scenarios, evaluation of the task-specific characteristics
of the instruments (i.e. how the instruments behave when operating in
specific application scenarios) needs to be carried out.

Comparisons of different instruments for surface topography mea-
surement often show widely-varying results, especially with complex
surfaces; see for example [29,30]. Leach et al. [17,31] have investi-
gated the methods and material measures involved to compare the per-
formance of various areal surface topography measuring instruments. de
Groot et al. [22] have looked into issues involved when comparing mea-
surement noise of instruments with different measurement bandwidth
and speed.

The test case investigated in this work consists of the surface of a
high-end technology consumer product featuring complex topographic
formations at micrometre and sub-micrometre scales. The surface is
characterised by the presence of a thin transparent layer, notoriously
challenging for optical measurement due to its transparency and re-
flectance characteristics [32-34]. The surface is measured with state-
of-the-art instruments implementing a number of commercially avail-
able optical technologies for areal topography measurements, notably
FVM, ICM, CSI and PAI, and using different instrument set-ups. The se-
lected test case represents the type of surfaces involved in a variety of
applications in the consumer industry such as electronics, sports goods
and interior design. It is representative of a typical scenario often en-
countered when dealing with the characterisation of highly engineered
products; where innovation advances at a fast rate, there are no suit-
able calibrated material measures available [28]; and often there are
no appropriate reference measurement technologies with task-specific
estimations of uncertainty. In the case of the selected surface, existing
calibrated thin film references do not sufficiently reflect the challenges
presented by the complex topographic formations on the surfaces.

In this work, it is shown how, in the above-mentioned circum-
stances, it is still possible to understand important aspects of how each
instrument operates by comparative assessment of geometric recon-
structions of surface topography obtained from the measured data. The
proposed comparison offers a qualitative perspective, based on visual
inspection of reconstructed models, and a quantitative perspective, ob-
tained via computation of texture parameters (ISO 25178-2 areal tex-
ture parameters [35,36]). Before texture parameters can be compared,
the topographic datasets obtained by measurement are relocated (i.e.
co-localised in space) and laterally trimmed to ensure matching bound-
aries, in order to guarantee that each computed texture parameter refers
to the same region on the original surface.

Due to the lack of an external, more accurate reference to compare
results to, the assessment of measurement performance and behaviour
can only rely on consensus, i.e. multiple datasets showing closeness of
results. However, relying on consensus is not intrinsically robust, be-
cause multiple instruments or set-ups could agree on an inaccurate re-
sult. Such a risk can be reduced by increasing the number of sources
of information. For the application presented in this work, additional
sources of information on one or both of the layers have been selected
in the form of optical microscope imaging with focus stacking (FS), scan-
ning electron microscopy (SEM), and atomic force microscopy (AFM).
It is important to point out that none of these additional sources of in-
formation can necessarily be considered as more accurate than the op-
tical solutions being investigated (FVM, CSI, PAI and ICM). Thus, none
of them can act as a traceable comparison reference—to the authors’
knowledge, such a reference is not available. Moreover, whilst AFM
produces areal topography datasets which can be turned into geometric
models that are at least quantitatively comparable with those produced
by the investigated optical solutions, both SEM and FS can only produce
images, whose usefulness is limited to the assessment of topographic
properties on the image plane. Regardless, such additional sources of
information contribute to increase the number of sources that are as-
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sessed for consensus, thus intrinsically increasing the robustness of the
method.

2. Methodology
2.1. Test case

The test case consists of a metallic surface featuring complex to-
pographic formations at micrometre and sub-micrometre lateral and
height scales, and is characterised by the presence of a transparent
layer of unknown thickness. The surfaces have been produced from a se-
quence of proprietary chemical and mechanical modification processes;
further details of these processes cannot be given for commercial rea-
sons.

2.2. Sample preparation and surface topography measurement

Before being measured, the sample surface was subjected to fab-
rication of fiducial marks by indentation (Buehler 1600-6400 micro-
hardness tester, with a Vickers indenter and 1.96N load), and then
cleaned in an ultrasonic bath (Shesto UT8031) for ten minutes in dis-
tilled water at room temperature.

The sample surface was measured via SEM and FS. Areal topography
data was obtained via AFM, FVM, PAI, ICM and CSI. The sequence of
observation was: SEM and FS; then FVM, PAL ICM, AFM and CSI.

Measurement settings used with the four evaluated technologies are
listed in Tables 1-4, respectively. Measurement settings used with AFM

Table 1
Measurement settings used with FVM.

Magnification 20x 50x 100x
Sampling distance / pm 0.44 0.18 0.09
Field of view / mm 0.8x0.8 0.32x0.32 0.16x0.16
Illumination type Co-axial
Illumination wavelength Broad band (white)
Estimated vertical resolution / nm 26 11 4
Exposure time / ms 0.075 0.242 0.394
Contrast 0.65 1.01 0.81
Table 2
Measurement settings used with PAI
Objective magnification 100x Sampling distance / pm 0.1
Laser wavelength / nm 635 Vertical resolution / nm 1

Laser spot size / um 1 Sampling mode Index
Numerical aperture 0.8 Autofocus sensor Select, wide
Working distance / mm 3.4 Autofocus gain Standard
Table 3
Measurement settings used with ICM.
Magnification 50x 100x
Ilumination wavelength / nm 405
Vertical resolution / nm 10
Numerical aperture 0.95
Sampling distance / pm 0.25 0.13
Field of view / mm 0.25x0.25 0.12x0.12
Table 4
Measurement settings used with CSL
Magnification 20x 50x
Illumination wavelength Broad band (white)
Vertical resolution / nm 0.005
Zoom 1x 1x
Field of view / mm 0.43x0.43 0.17x0.17
Sampling distance / pm 0.43 0.17
Numerical aperture 0.40 0.55
Oversampling function Enabled Enabled
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Table 5

Measurement settings used with AFM.
Operating mode Tapping mode Sampling distance / pm 0.16
Amplitude setpoint / V 0.25 Raster frequency / Hz 0.2
Field of view / mm 0.06 x0.06 Z-axis travel range / um 6.8

Table 7

Imaging settings used with SEM.
Electron source Tungsten filament Accelerating voltage / kV 10
Pressure mode Low pressure Magnification 1000x
Detector type Backscattering Imaging mode Shadow

are listed in Table 5. Measurement settings involved in focus stacking
imaging (FS) using a digital optical microscope with epi-illumination
are listed in Table 6. Focus stacking for the FS measurement was per-
formed using the Zerene Stacker software with ‘PMax’ mode, which is
an implementation of the pyramid method for image data processing
[37]. Measurement settings used with SEM imaging are listed in Table 7.
Given that the surface was found to be electrically non-conductive, the
SEM was operated in low pressure mode. Vertical resolution of the eval-
uated instruments (FVM, PAI, ICM and CSI) are also listed in the tables
to provide reference to the axial sensitivity of the instruments. In the
case of FVM, the estimated vertical resolution is not set by the user, but
instead provided by the instrument software as a result of measurement
settings, the obtained data and the signal analysis algorithm. Vertical
resolution of PAI is the resolution of the linear scale in the vertical axis.
Vertical resolution of ICM is provided by the manufacturer. Vertical res-
olution of CSI is defined as the repeatability of the root mean square
(RMS) of the surface height, i.e. texture parameter Sq. Given that the
evaluated instruments operate on different working principles and that
vertical resolution is defined differently in each case, the vertical reso-
lution values listed in the tables are not suitable for direct comparison
of the performance of the instruments based on different technologies,
but serve only as a reference for the readers using the same type of in-
strument.

Because the surface features are expected to range from a few mi-
crometres to tens of micrometres in the lateral scale, measurement set-
tings, such as magnification and field of view (FoV), were selected
in order to achieve sub-micrometre lateral sampling spacing [29,30].
Because of the optical challenges posed by the native surface to the
FVM technology (essentially because of lack of contrast in imaging, see
Section 3.3), a silicone-based replica product (AccuTrans) was used to
replicate the sample surface.

A preliminary assessment of the thickness of the transparent layer
was performed in order to have additional information useful to better
assess the quality of the subsequent optical topography measurements.
Film thickness was obtained by using the following method. CSI was
adopted, with film measuring mode enabled. The thickness measuring
instrument has been previously verified using a thin film material mea-
sure [38]. A vertical scan was performed across a range of 40 um, chosen
under the assumption that it would approximately encompass both the
top and substrate surfaces. During film thickness measurement, the illu-
minating light was reflected as well as scattered by both the top surface
and the substrate surface. Light reflected/scattered from both surfaces
interfered with the reference beam, resulting in two interference sig-
nals corresponding to the two surfaces (see Fig. 3). The optical distance
between the two surfaces was determined by the peak positions of the
interference signals using methods such as envelope detection and fre-
quency domain analysis [39,40]. The optical distance was subsequently
divided by the refractive index of the transparent layer to obtain the
layer thickness. While a higher magnification (50x) is preferred in sur-
face topography measurement, layer thickness measurement was per-
formed at 20x magnification in order to assess the layer thickness over
a larger area.

Table 6

2.3. Data analysis and processing

The areal topography datasets obtained by AFM, FVM, PAI, ICM
and CSI were pre-processed with the surface metrology software Moun-
tainsMap [41] to perform: (i) filling of non-measured points by interpo-
lation of valid neighbours, (ii) removal of outlier points, and (iii) level-
ling by subtraction of the least-squares mean plane.

All the areal topography datasets taken from the same region of a
surface were relocated (i.e. co-localised within the same co-ordinate
system), using the AFM dataset as the alignment reference. Non-
overlapping portions located at the sides of each dataset were trimmed
out, in order to ensure that any quantitative assessment would include
the same region of topography.

Relocation (i.e. alignment) of measured topography datasets was
performed using a custom method developed by the authors and imple-
mented in Matlab. Firstly, height maps were converted to triangulated
meshes, so that alignment could be conducted in six degrees of freedom.
Secondly, coarse alignment of measured topographies was performed
through an iterative procedure consisting of applying manual adjust-
ments (translations and rotations), using the fiducial marks as reference
landmarks for alignment. The iterative procedure is based on a contin-
uous assessment of residual misalignment, computed as the RMS of the
distances between paired vertices in the two triangulated meshes being
aligned. Thirdly, a further, fine alignment process was performed via
iterative closest points [42]. The same misalignment metric was used
in coarse and fine alignment. Lastly, aligned meshes were turned back
into height maps via raster scanning (i.e. by projecting a pattern of rays
along the z-direction onto the meshes and computing the intersections).
All the measured topographies were aligned to the same reference mea-
surement (AFM dataset), and cropped to the largest rectangle fully in-
scribed within the overlapping area.

Bandwidth matching of the aligned topographies was not performed.
In bandwidth matching, band-pass filters are applied to all the datasets
in order to ensure that the same range of spatial wavelengths is repre-
sented by all the measurements, so that the comparison can focus on
the different behaviour the measurement technologies have over to-
pographic features acquired within the same range of scales [31]. In
this work, however, it was deemed interesting to compare measurement
technologies also in terms of their different capabilities of capturing fea-
tures at different scales, thus bandwidth matching was not applied.

Quantitative assessment and comparison was performed by compu-
tation of the ISO 25178-2 field areal texture parameters: Sa, Sq, Sal, Sku
and Ssk [35], applied to the aligned topography datasets to make sure
that the parameters would not be affected by features included in one
dataset but missing in another just because of different region coverage.

3. Results
3.1. Visual assessment from SEM and optical FS

Fig. 1 shows how the same surface region appears when imaged by
SEM at 1000x and by optical microscopy at 100x, in FS mode. One

Imaging and processing settings used with FS.

Magnification 100x
Ilumination type Co-axial
Exposure time / ms 0.394
Sampling distance / pm  0.09

Field of view / mm 0.14x0.11

Numerical aperture 0.8

Image stack size 81

Vertical scanning range / pm 40

Image stacking software Zerene stacker
Image stacking method PMax
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Fig. 1. Image of the sample surface obtained (a) by an SEM at 1000x magnification and (b) by an optical microscope with at 100x magnification with focus stacking.

An indentation mark is located at the top-left corner of the images.
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Fig. 2. (a) Surface topography of the top surface and (b) map of local film thicknesses as computed from the difference of the top surface and substrate topography

maps (CSI used in film measurement mode).

of the indentation marks used for co-localisation, and its surrounding
cracks (due to the indentation process) are visible in the top-left cor-
ner. Patterns of topologically connected, dale-like surface features dom-
inate the surface with lateral scales approximately ranging from tens of
micrometres to a few micrometres. Two example dale-like features are
illustrated with yellow dashed contours in Fig. 1(a). The contours are
slightly shifted outwards so that the underlying topography ridges are
visible. Additional, smaller-scale features were often observed, either in
the form of pits, or in the form of protrusions, in both cases usually at
least one order of magnitude smaller than the dale-like feature within
which they appeared. Both the pit-like and the protruded singularities
are referred to as “small-scale” features from now onwards. The opti-
cal images revealed an increased number of small-scale features with
respect to what was observable by SEM. This is likely due to fact that
the vertical scanning range in FS encompassed both the top and sub-
strate surfaces, thus revealing surface features both on and between the
surfaces. It is also possible that some surface features were revealed
with better contrast under an optical microscope than in an electron
microscope. Most of such additional small-scale features would be dis-
tinguishable by colour in the FS dataset. Conversely, the partitioning
into dale-like features, evident from the SEM images, was not found as
consistently in the optical FS dataset, possibly because of being masked
by the chromatic patterns visible on the surface. By simple visual in-
spection of the SEM and FS images, it is unclear whether the dale-like
patterns belong to the substrate, the transparent layer, or both.

3.2. Transparent layer thickness

Fig. 2 shows the results of the CSI measurement of a region of
0.43mm X 0.43mm performed to estimate the film thickness. As the

264

measurement was performed in film measurement mode, one of the
results of the procedure is an estimation of the topographies of both
the top surface and the substrate. In Fig. 2(a) the top surface is shown,
whilst in Fig. 2(b) the substrate surface (height map) has been subtracted
from the top surface (also a height map) to obtain a map of local thick-
ness values (shown in the figure). In the thickness map, two indentation
marks present in the measured region are partially visible as regions
where thickness decreases towards zero. The frequency distribution of
thickness values is shown in histogram form next to the colour scale in
Fig. 2(b). It can be seen that layer thickness is relatively uniform in most
measurable regions (i.e. apart from the indentation marks and regions
where local surface slopes are beyond the numerical aperture slope limit
of the objective lens). The mean thickness distribution was computed as
11.3 pm.

A closer look at the same area as in Fig. 1 is given in Fig. 3. The
indentation mark is located at the top left corner of the image. The top-
view intensity map (in the x-y plane) of the top surface as obtained
from CSI measurement is shown in Fig. 3(a). A cross-sectional slice (in
the x-z plane) of the 3D CSI signal data is shown in Fig. 3(b). The lo-
cation where this slice is taken is marked in Fig. 3(a). The interference
fringes in Fig. 3(b) carry the location information of the top and sub-
strate surfaces. The interference signals corresponding to the substrate
surface were weaker than those corresponding to the top surface. There-
fore, in Fig. 3(b), image contrast was enhanced in the region contain-
ing the substrate surface for visual clarity. The low signal intensity at
the substrate surface may be due to the roughness of the substrate sur-
face and absorption of the transparent layer. It can be observed that
the form of the substrate surface qualitatively followed that of the top
surface, confirming that the transparent layer is relatively uniform in
thickness. Fig. 3(c) shows the intensity of the interference signal at one
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Fig. 3. CSI signals of the film measurement. (a) Top-view intensity
map of the measured area in the x-y plane, (b) an arbitrarily-chosen
cross-sectional slice through 3D CSI signals, and (c) interference sig-
nal at a single point on the surface along the z-axis (signal intensity
is expressed in arbitrary units normalised to one).

top surface

Z /[pm

substrate surface

1

X /um

surface point (a specific x and y position) on the profile. The signal
was band-pass filtered to remove the background intensity [43]. Sig-
nal intensity in the substrate surface was observed to be significantly
weaker than in the top surface. The signal to noise ratio at certain re-
gions (e.g. with high surface slope) on the substrate surface would some-
times be lower than required to correctly identify the substrate surface,
which contributed to non-measured points (represented in yellow) in
Fig. 2(b). The layer thickness was determined based on the assumption
that the refractive index value remains constant across the measured
area. Any fluctuations in the local refractive index value would result
in errors in the thickness distribution. Other contributors to errors in
the layer thickness measurement include (1) the relatively low signal to
noise ratio in the interference signals from the substrate surface and (2)
measurement artefacts, the impact of which will be discussed further
in Section 3.3.

3.3. Areal topography measurements with optical instruments

Example results are presented in the following sections, pertaining to
a single region of the sample, as measured via AFM, FVM, PAI, ICM and
CSI. The region selected for illustration is the same as that previously
used in Fig. 1.

3.3.1. Focus variation microscopy
Surface topographies measured at 20, 50x and 100x magnification
are shown in Fig. 4(a), (b), and (c). The 20x and 50x datasets were

265

cropped to the same FoV as those measured at 100x magnification. As
the region is the same as in Fig. 1, the same indentation mark was also
observed at the top corner of the topographies (barely visible in Fig. 4).
The main issues encountered with FVM measurement were: the different
optical properties of the two surfaces, the top surface being transparent,
the substrate being more reflective, leading to issues in the identification
of optimal illumination conditions; lack of textural detail in particular
at high magnifications, leading to poor contrast detection; and the two
surfaces being close enough to each other to present overlapping ranges
of focal distances, often misleading the instrument into focusing onto
the wrong one. The irregular and plateau-shaped topographies shown
in Fig. 4(a)—(c) are indicative of FVM possibly jumping back and forth
between the top surface of the transparent layer and the surface of the
substrate, depending on local contrast detection, and also attempting to
find a solution based on resolved height values for neighbouring points,
leading to the plateau effect observed in previous work [44]. The per-
centage of non-measured points (i.e. points that the instrument itself
recognises as unmeasurable, because of lack of information) in the same
region was found to increase with magnification, as shown in Table 8.
Since FVM relies on computation of local image contrast to determine
surface local height values, lowered image contrast in local areas result-
ing from higher magnifications was deemed as one of the main causes of
increased percentage of non-measured points. With polarised light, the
number of non-measured points was significantly reduced, as shown in
Fig. 4(d) and Table 8, albeit the reconstructed topographies still showed
signs consistent with jumping between two layers.
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polariser ON 0

Fig. 4. Surface topographies measured by FVM without using a polarising filter: (a) at 20x magnification, (b) at 50x magnification, (c) at 100x magnification; and
(d) surface topography measured at 100x magnification using a polarising filter.

(®)

Table 8
Percentage of non-measured points in topographies measured at various mag-
nification and polarisation using FVM.

20x
0.02%

50x
1.89%

100x
37.3%

Magnification
Percentage of non-measured points

100x polarised
9.85%

To overcome the issues with contrast detection, the sample sur-
face was replicated using the AccuTrans material (as mentioned in
Section 2.2.), a special-purpose silicone filled with microscopic parti-
cles designed to enhance contrast [45]. Of course, this approach implies
that only the top surface of the sample can be measured. The height map
(reconstructed surface topography) and colour map overlay obtained by
FVM measurement of the replicate surface are shown in Fig. 5. The in-
dentation mark is visible at the top-left corner of the microscope image,
and at the top corner of the height map. Thanks to the use of replication,
the measured surface topography was significantly improved. However,
an additional medium-scale waviness component (several micrometres
in size) was observed on the topography measured with this technique
(not visible in Fig. 5), which had not previously been observed in the
SEM and FS images.
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Fig. 5. Replicated sample surface: (a) full-focus
RGB map obtained by FVM (b) FVM surface to-
pography measured at 100x magnification. Both
the RGB and the height map were corrected for the
mirror effect (i.e. the physical replicate containing
a specular version of the actual topography, with
inverted axes).

3.3.2. Point autofocus instrument

The PAI instrument operates using the beam-offset method [9]. The
two setting variants used in the study are ‘select’ and ‘wide’, which affect
the size of the autofocus detector area utilised to capture the reflected
laser beam. The ‘wide’ option uses a larger detector area in order to
provide better tracking for surfaces with sudden height shifts (e.g. rough
surfaces). The ‘select’ option enables the instrument to automatically
choose the optimal detector area during measurement based on the type
of surface being measured. Measured topographies using both options
are shown in Fig. 6. The indentation mark is still located at the top
left corner of the height maps. In the topography measured with the
‘select’ option, a few regions protruding from the rest of the surface were
observed. The height of the protrusions is consistent with the thickness
of the transparent layer determined in Section 3.2, suggesting that in
those locations the instrument may have shifted from measuring the
substrate to measuring the top surface of the transparent layer. This
transition was not observed when using the ‘wide’ option, however, a
higher degree of, what would seemingly appear as, noise was observed.
In both PAI configurations, an additional type of artefact was observed
on the measured topography in the form of streaks oriented along the
scanning direction, which has been determined as a result of the drift
compensation function in the instrument software [23].
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autofocus sensor = wide

Fig. 6. Surface topographies measured by PAI with autofocus (AF) sensor in (a) ‘select’ and (b) ‘wide’ mode.
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Fig. 8. A sample surface measured by ICM at 100x magnification: (a) surface topography and (b) intensity image.

3.3.3. Imaging confocal microscopy

The ICM instrument allowed measurement of both the top surface
and the underlying substrate separately by focusing the instrument on
the top surface and substrate respectively. The imaged region was small
enough to reduce the risk of the selected surface being replaced by the
other as a consequence of going out of vertical scanning range. Measured
topographies of the top surface and the substrate surface at 100x magni-
fication are shown in Fig. 7. In the reconstructed topographies shown in
Fig. 7, the indentation mark is located at the top corner of the topogra-
phies. No significant noise or artefacts were observed on the top surface
in Fig. 7(a). The topography of the substrate surface appeared to share a
similar topographic pattern with the top surface. However, trenches up
to approximately 2.5pum deep were found on the substrate surface to-
pography at locations that coincide with ridges on the top surface. This
coincidence suggests that the presence of a transparent layer with vary-
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ing surface slope angles may have interfered with the measured depth
of the substrate surface.

The presence of a transparent layer on top of the substrate also
created minor measurement artefacts on the top surface, as shown
in Fig. 8. The artefacts appeared in the form of concentric contour
lines whose locations and forms were in good agreement with the con-
tour lines observed in the intensity image. It is likely that light re-
flected from both the top and substrate surfaces form an interference
pattern, causing errors in the intensity signal that is used to deter-
mine surface height. Height variation up to approximately 15nm peak-
valley magnitude were observed in the topography. The magnitude of
height variation was determined by (i) extracting profiles across the
contour lines, (ii) applying a Gaussian filter with 2.5pum cut-off, and
(iii) computing the peak-valley magnitude of the resulting high-pass
profile.
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substrate surface

Fig. 9. Surface topographies measured by CSI at 50x: (a) top surface and (b) substrate surface.

(a)

FVM (replica)

3.3.4. Coherence scanning interferometry

Surface topography was measured at 50x magnification to achieve
the highest lateral resolution available and improve measurement where
high surface slope angle is present. Measured topographies of the top
surface is shown in Fig. 9(a). The indentation mark is located at the
top corner of the height map. The contour artefacts found in the topog-
raphy measured by ICM (Fig. 8) are not noticeable in the topography
measured with CSL In addition, the height map of the substrate surface,
reconstructed as the difference between the top surface and the thick-
ness of the transparent layer, is shown in Fig. 9(b). Non-measurement
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Fig. 10. Surface topographies aligned for compari-
son: (a) replicated surface measured by FVM at 100x
magnification, (b) sample surface measured by ICM
at 100x magnification, (c) sample surface measured
by CSI at 50x magnification, (d) sample surface mea-
sured by PAI with 0.1 um sampling distance, (e) sam-
ple surface measured by AFM with 0.16 um sampling
distance and (f) sample surface image by SEM at
1000x magnification.

points in the substrate surface are mainly due to void data in the layer
thickness measurement. The trenches found near the ridges in Fig. 7(b)
were not observed.

3.4. Visual comparison of optical areal topography measurements with
SEM and AFM data

Topographic details from the top surface measured by the four eval-
uated technologies (FVM, CSI, ICM and PAI) are shown in Fig. 10, along
with a reference topography measured by AFM and an SEM image of
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Ssk Fig. 11. Percentage difference of values of areal texture param-
eters computed using topographies measured by FVM, ICM, CSI
and PAL Areal texture parameters computed on AFM data are
used as the reference.
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the same region (two-dimensional, but shown tilted to facilitate visual
comparison). The topographies were aligned and cropped to the same
extents as described in Section 2.3. In the case of FVM, the measure-
ments from the silicone replica sample were used.

From the analysis of all the datasets reported in Fig. 10, a few ob-
servations can be made. For FVM, the most visible issue was the limited
capability to replicate small-scale surface features, a limitation hinted
at in Section 3.3.1, presumably due to the physical limitation of the
silicone replica production process. ICM appeared to have the highest
lateral resolution, as may be expected [46]. CSI had slightly lower lat-
eral resolution, but this is sufficient to retain most of the topographic
detail of the surface. In the case of PAI, the most notable issue was what
seemed to be a continuous alternation between the capture of the top
and substrate surfaces.

3.5. Quantitative comparison via texture parameters

To compare the measured topographies quantitatively, five ISO
25178-2 areal texture parameters Sa, Sal, Sku, Ssk and Sq were com-
puted from the same topographies shown in Fig. 10. Differences in the
areal texture parameters obtained using FVM, ICM, CSI and PAI from
those obtained using AFM data are shown in Fig. 11. The authors ac-
knowledge that areal texture parameters are often computed using to-
pographies of larger sizes. However, in this study the largest area avail-
able for comparison was limited by the maximum measurement range
(52 um x 52 um) of the AFM for the chosen sampling distance. As stated
earlier, no band-pass filtering was applied to the topographies, thus the
entire topographic content present at multiple scales contributed into
defining the value of the texture parameters. In the case of FVM, tex-
ture parameters are computed using the replicated surface. The differ-
ence between the original and replicated surfaces may have contributed
to the differences in the computed texture parameters. Based on the re-
sults shown in Fig. 11, CSI was found to provide Sku and Ssk values most
similar to AFM, while PAI provided Sa and Sq values closest to AFM,
and ICM provided Sal values closest to AFM. Overall, CSI was found to
provide texture parameter values relatively close to AFM without signif-
icant difference in any of the five computed parameters. The differences
in the Sa and Sq values obtained with CSI/ICM and AFM may be partly
due to the form deviation between the topographies, which appeared in
the form of bending at a spatial frequency of a few tens of micrometres.
In such a case, the form of the topographies obtained with CSI and ICM
were found to be in agreement. As stated in the introduction, being in
consensus with AFM does not necessarily imply that CSI provided the
best results. In absence of a reliable more accurate reference, the obser-
vation only indicates that a subset of technologies and setups (in this
case, AFM and CSI) showed more agreement with each other, if com-
pared to the other explored measurement solutions.

4. Conclusions

Optical measurement of surfaces can be very challenging, in partic-
ular when the surfaces are complex and novel, where no reference is
available to verify the accuracy of the measurement. In such scenarios,
a deeper insight and more comprehensive understanding of the perfor-
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mance and behaviour of current areal topography measurement solu-
tions is necessary in order to improve confidence in the measured data.
In this paper, the behaviour and performance of four different optical
measurement technologies to characterise an optically challenging sur-
face comprised of a top, thin transparent layer, were illustrated. In ab-
sence of a more accurate reference measurement method, the assessment
of measurement performance and behaviour were performed based on
consensus among topographies measured with multiple instruments. In
order to reduce the risk of reaching the wrong consensus among instru-
ments, additional sources of information (optical microscope imaging
with focus stacking, scanning electron microscopy and atomic force mi-
croscopy) were selected. The results presented here have shown that
measurement errors can be significant to the point that they may sig-
nificantly alter the reconstructed topographies. The differences between
topographies reconstructed from datasets achieved by means of differ-
ent measurement technologies are visually appreciable, as demonstrated
with the test case. In addition to visual inspection, quantitative compar-
ison based on computing ISO 25178 areal texture parameters showed
differences on the same order of magnitude. Granted, the test case was
particularly challenging because it involved a transparent layer, par-
ticularly troublesome when optical measurement is involved, but other
topographies, because of other intrinsic reasons for complexity, may be
equally challenging. The computed texture parameters in the test case
also showed that CSI is the technology that most closely approximates
AFM results. It is worth noting that other instruments based on the same
technologies as those investigated in this work, or the same instruments
on different samples, may have different performance and behaviour,
which can also be affected by other factors such as sub-optimal operat-
ing conditions, maintenance status and software version. This study is
not aimed to determine which measurement technology or instrument
is superior. But rather to show how easy it is to obtain significantly
different results from the same surface when multiple instruments are
applied to new surface types, and there have not been sufficient studies
to investigate how the instruments behave with the specific surface, or
to determine optimal measurement parameters. It is clear that most of
the limitations revealed for the evaluated technologies stem from the
material and optical properties of the sample. The focus of this study is
to assess the behaviour of these optical measurement technologies for
the specific application of measuring this type of challenging surface de-
scribed in Section 2.1. The conclusions should be applicable to similar
scenarios where a transparent film with complex surface topography is
present on a substrate. However, it is worth noting that the thickness of
the transparent layer in the test case is comparable to the peak-to-valley
height variations on the surface. The authors expect further difficulties
when measuring a film with a thickness much smaller than the peak-to-
valley height variations on the surface. In conclusion we advise that each
new surface should be carefully assessed, and measurement with mul-
tiple technologies should be attempted whenever possible. Also using
more established means of investigation, such as SEM and AFM would
be also advisable, whenever possible, as a means to acquire further in-
formation useful to establish a comparison reference, albeit quantitative
is not always possible. We also conclude that there is an urgent need for
more research into how to obtain traceability (and, therefore, measure-
ment uncertainty) with such complex surfaces.
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