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Objectives
• Since size and shape of structures play a 

crucial role at the nanoscale, traceable 3D 

measurements of nanoparticles (NPs) are 

today an issue;

• Anatase TiO2 non-spherical engineered 

NPs (e.g., bipyramids and nanosheets) 

are studied with metrological AFM 

(mAFM) as candidate reference materials 

for dimensional metrology;

• Non-spherical NPs present a challenge 

about AFM measurements, as their 

geometries highlight the limits connected 

to the finite shape and size of the tip. 
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b = (39.9 ± 11.0) nm
c = (61.2 ± 16.8) nm

number of images: 16
counted particles: 120

TiO2 bipyramids
CRITICAL DIMENSION (CD) MEASUREMENTS BY SEM IMAGES

a = (15.9 ± 2.7) nm

(mean value ± standard deviation)

θ = (68.3 ± 3.5) °
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TiO2 bipyramids
GEOMETRICAL MODEL FOR PROFILE RECONSTRUCTION BY mAFM IMAGES
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Mean cross-section top profile at the bipyramid base; step-height thk.

Square base of the bipyramid as obtained from profile 1 b = thk.

Tip enlargement as estimated by assuming a square base of the bipyramid b.
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TiO2 bipyramids
GEOMETRICAL MODEL FOR PROFILE RECONSTRUCTION BY mAFM IMAGES
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c

Mean top profile along the main axis of the bipyramid.

NP ‘c’ size as obtained by subtracting the tip enlargement profile (profile 3) the to the top profile (4). 

Tip enlargement is assumed to be isotropic along the x and y axes.
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b = (40.1 ± 3.4) nm θ = (68.4 ± 3.1) °

(mean value ± standard deviation)

number of images: 106               counted particles: 106

c = (60.8 ± 4.3) nm
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TiO2 bipyramids
CD MEASUREMENTS BY mAFM IMAGES

quantity type
probability

distribution

uncertainty 

contribution

𝒖(𝒙𝒊)
[nm]

sensitivity 

coefficient

𝒄𝒊 =
𝜕𝒇

𝜕𝒙𝒊

uncertainty

𝒖𝒊(𝒃)
[nm]

degrees 

of 

freedom

ν𝒊

repeatability A N 0.30 1 0.30 106

z-stage 

calibration
B N 0.40 1 0.40 100

z-stage 

resolution
B R 0.10 0.58 0.10 100

profile noise A N 0.50 1 0.50 50

reference 

plane
A R 1.00 0.58 0.60 50

sample 

flattening
A R 0.50 0.58 0.30 50

geometrical

model
A R 0.01 0.58 0.01 50

tip geometry B R 0.30 0.58 0.20 10

combined

standard 

uncertainty

1.1 280

uncertainty budget of ‘b’
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min ellipse

max ellipse

max Feret (c)

min Feret (b)

roundness 𝑅 =
𝐴

𝜋
max 𝐹𝑒𝑟𝑒𝑡

2

2

extent, builkiness 𝐵 =
𝐴

max 𝐹𝑒𝑟𝑒𝑡 ∙ min𝐹𝑒𝑟𝑒𝑡

𝐸 =
max 𝐹𝑒𝑟𝑒𝑡

min𝐹𝑒𝑟𝑒𝑡
elongation

𝐴𝑅 =
min𝐹𝑒𝑟𝑒𝑡

max 𝐹𝑒𝑟𝑒𝑡
aspect ratio

TiO2 bipyramids
SIZE AND SHAPE DESCRIPTORS

compactness

max Feret (c)

𝑐𝑚𝑝 =

4 ∙ 𝐴
𝜋

max 𝐹𝑒𝑟𝑒𝑡
=

𝑑

max 𝐹𝑒𝑟𝑒𝑡

d
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Descriptor
SEM measurements

[nm]

AFM measurements

[nm]
Δ [%]

max ellipse 61.2 ± 16.8 - -

min ellipse 39.9 ± 11.0 - -

max Feret 61.6 ± 17.0 60.8 ± 4.3 1.3

min Feret 39.9 ± 11.0 40.1 ± 3.4 0.4

aspect ratio 0.6 ± 0.1 0.7 ± 0.1 0.8

elongation 1.5 ± 0.1 1.5 ± 0.2 1.4

roundness 0.6 ± 0.1 0.7 ± 0.1 2.2

builkiness 0.8 ± 0.1 0.8 ± 0.1 0.7

compactness 0.8 ± 0.1 0.8 ± 0.1 1.3

(mean value ± standard deviation)
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ℎ = (9.0 ± 1.7) nm 𝑙 = (69.4 ± 22.6) nm

SEM image of TiO2 nanosheets (courtesy of BAM).

TiO2 nanosheets
CD MEASUREMENTS BY SEM IMAGES

(mean value ± standard deviation)
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number of images: 4 images
counted nanosheets > 300
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TiO2 nanosheets
PROFILE RECONSTRUCTION BY mAFM IMAGES
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0
θ

𝑻𝒔𝒙 𝒃 𝒂𝒔𝒙

𝑿𝒔𝒙

𝒍𝒔𝒙

ℎ/2

0

𝜗 = 68.3 °

ൗℎ 2 < ℎ𝑖 < ℎ → 𝒃𝑖 =
ℎ − ℎ𝑖
tan 𝜗

𝑿𝒔𝒙𝑖
= 𝒂𝒔𝒙 + 𝒃𝑖 + 𝑻𝒔𝒙𝑖

𝒍𝒔𝒙 = 𝒂𝒔𝒙 + 𝒃 at Τℎ 2
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Conclusions

• A geometrical method for CDs reconstruction of complex geometry nanoparticles

in AFM-based images has been tested and implemented by an own soft-tool in

MATLAB;

• Tip shape enlargement has been corrected by a geometrical profile-based

approach.

• Measured CDs (a, b, c) of the bipyramids by mAFM and SEM measurements

show differences within 3 %.

• Preliminary results of thickness and lateral sizes of nanosheet by mAFM and

SEM measurements look also well in agreement.

Thank you for your attention!


