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Abstract
Unambiguous identification of the measurement methodologies is fundamental to reduce the uncertainty and support trace-
ability of particle shape and size at the nanoscale. In this work, the critical aspects in atomic force microscopy measure-
ments, that is, drawbacks on sample preparation, instrumental parameters, image pre-processing, size reconstruction, and 
tip enlargement, are discussed in reference to quantitative dimensional measurements on different kinds of nanoparticles 
(inorganic and biological) with different shapes (spherical, cylindrical, complex geometry). Once the cross-section profile 
is extracted, top-height measurements on isolated nanoparticles of any shape can be achieved with sub-nanometer accuracy. 
Lateral resolution is affected by the pixel size and shape of the probe, causing dilation in the atomic force microscopy image. 
For the reconstruction of critical sizes of inorganic non-spherical nanoparticles, a geometric approach that considers the 
nominal shape because of the synthesis conditions is presented and discussed.

Article Highlights

•	 Methodologies for quantitative dimensional measurements on nanoparticles with different geometry by atomic force 
microscopy (AFM) are presented.

•	 Height measurements on isolated spherical and rod-shaped nanoparticles are extracted as cross-section top-height.
•	 Lateral measurements can be extracted by considering the tip dilation and nominal nanoparticle shape and size.

Keywords  Nanoparticles (NPs) · Atomic force microscopy (AFM) · Size reconstruction · Spherical shape · Complex 
shape · AFM probe · Uncertainty

1  Introduction

Nanomaterials and nanotechnology play a crucial role in 
many products available on the global market, such as mate-
rials for energy and catalysis, cosmetic products, food, and 
packaging. These products are often produced with engi-
neered nanoparticles (NPs), whose shape and size impart 
special functionalities.

At present, NPs and nanomaterial sizes are challenging to 
quantitatively measure, and nanometrology helps the manu-
facturing industry by developing new measurement methods. 
Low-cost reference materials are continuously being devel-
oped to characterize the 3D morphology at the nanoscale.

Atomic force microscopy (AFM) is a technique that 
allows the 3D characterization of various kinds of samples 
(conductive, insulators, inorganic, organic, biological, etc.) 
and operates in air or liquid. Given its versatility, AFM can 
be coupled with other techniques by using specialized hard-
ware and types of probes (e.g., scanning thermal micros-
copy, Kelvin probe force microscopy, and infrared nanospec-
troscopy). AFM and various hyphenated techniques permit 
analysis in various fields, such as polymer chemistry and 
physics, surface chemistry, cell biology, semiconductor sci-
ence, and metrology.
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In AFM measurements, height can be achieved with sub-
nanometer accuracy and high resolution, whereas the lat-
eral resolution is affected by the shape of the AFM probe. 
Therefore, various methods to build the morphology of the 
probe tip have been proposed. One of these methods is the 
use of electron microscopes, but related research demon-
strates that the precise 3D morphology of the tip is hard to 
obtain because of the different experimental conditions and 
probe–sample dilation effects [1].

In situ probe shape reconstruction is preferable. One 
method is the estimation of the probe shape by imaging an 
unknown tip characterizer (blind reconstruction [BR] algo-
rithms) [2, 3], but the main drawback is the large amount of 
calculation [4]. In addressing this issue, another method is 
the calibration of the tip morphology by scanning a known 
tip characterizer [5]. Sharply pointed features are commer-
cially available, but these characterizers lack traceability, 
which can lead to damage of tips [6]. Over the years, sev-
eral physical artifacts for tip characterization have been 
presented, including nanospheres [7] and cylindrical nano-
structures [8, 9].

The AFM topography results from the dilation of the 
sample shape, probe shape, and tip–sample–substrate inter-
actions. An AFM image is commonly referred to as a 3D 
representation, although it is more referred to as a 2.5D 
reconstruction. The topography is a mapping of the heights 
given by a 2D array of numbers, which correspond to the 
deflection of the cantilever as the tip scans the sample sur-
face. Therefore, a 3D reconstruction is identified, albeit lim-
ited by the tip geometry, which is not complete but is limited 
only to the exposed surface, and it does not consider the 
portion of the sample in contact with the substrate.

Tip–sample and tip–substrate interactions refer to elastic-
ity, whereas sample–substrate deformation refers to plas-
ticity. In describing these interactions, several models of 
contact mechanics are used, as shown in Sect. 4.2. Notably, 
these models strictly depend on the interacting geometries 
of the bodies.

NPs can assume different shapes, depending on the physi-
cal/chemical interactions that regulate fabrication. The most 
popular shape is spherical, which can be easily obtained for 
energetically favorable reasons. Several reference materials 
based on spherical NPs, supplied in mono and/or multimodal 
dispersed suspensions, can be accurately measured, as dem-
onstrated in several interlaboratory comparisons [10–12].

AFM measurements on non-spherical NPs are chal-
lenging because complex geometries emphasize the limits 
caused by the finite probe shape. New methodologies for 
traceable quantitative measurement sizes are required; these 
methods must be easily translated for the measurement of 
bulk nanostructures of various shapes. In this study, the geo-
metric approaches implemented for studying the sizes of 

shape-controlled anatase NPs with different shapes (bipyra-
mids and nanosheets) [13, 14] are reported.

2 � Samples

2.1 � Sample Preparation

Nanoparticles and nanostructures, such as biological mol-
ecules (e.g., DNA) or viruses, to be analyzed by AFM are 
deposited onto an ultra-flat substrate to permit high-resolu-
tion height and thickness measurements.

Muscovite mica is a commonly used substrate because 
it is atomically flat, with a layer height of (0.37 ± 0.02) nm 
[15]. It is also easily cleaned by removing the top layer using 
adhesive tape, making sample preparation easy because its 
crystal structure consists of silica tetrahedral sheets weakly 
bonded to one another.

Muscovite is negatively charged, and is therefore quite 
hydrophilic. In addition, based on the sample to be analyzed, 
mica can be used as it is functionalized with 3-aminopro-
pyltriethoxysilane (APTES) or poly-l-lysine to change the 
surface charge.

Different protocols can be used in the preparation of NP 
samples. Based on the intrinsic nature of the nanostructure 
(interparticle and particle–solvent interactions), different 
deposition techniques (e.g., drop evaporation, spin coating, 
and dip coating) are used. Moreover, characterization must 
be considered. Based on the type of analysis (i.e., top-height 
or lateral pitch), different concentrations of suspensions can 
be prepared.

2.2 � Nanoparticles

In this work, we present the dimensional characterization of 
different kinds of nanoparticles, including bio-plant viruses 
(TMVs) and inorganic spherical (gold and silica) and non-
spherical (TiO2 anatase bipyramids and nanosheets) NPs.

For each NP, the analyzed measurand is different; for 
spherical and rod-shaped NPs, the diameter is measured, 
whereas for complex geometry NPs, characteristic critical 
sizes are reconstructed on the basis of the non-spherical 
shape. Consequently, the protocols for the preparation of 
samples with isolated NPs are different.

TMV is a single-stranded RNA virus that infects tobacco 
and Solanaceae plants, causing characteristic patterns, such 
as mosaic-like mottling and discoloration, on the infected 
leaves. It has a rod-like appearance, which has a length of 
approximately 300 nm and a stable diameter of 18 nm based 
on X-ray diffraction studies [16].

TMV is prepared by CNR-IPSP [9], inoculating the virus 
into the leaves, crushing the symptomatic leaves, and purify-
ing them through a series of phosphate buffer extractions and 
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centrifugations. After several dilutions with ultrapure water, 
a drop of viral suspension is deposited on freshly cleaved 
mica and allowed to air evaporate.

Spherical NPs are gold, and they have silica reference 
materials, namely, RM8012 by NIST [17] and ERM-FD304 
by IRMM [18]. These NPs are deposited by applying a few 
drops of colloidal dispersion onto a mica surface previously 
functionalized with a 0.1% w/v aqueous poly-l-lysine solu-
tion; the sample is then incubated in a closed chamber to 
limit solvent evaporation, rinsed several times with filtered 
deionized water, and dried under nitrogen flow [12].

Complex geometry NPs are fabricated by Università 
degli Studi di Torino by tuning the hydrothermal synthesis 
parameters [14, 19], and obtaining TiO2 anatase NPs with 
two different shapes (bipyramids and nanosheets), which are 
mostly used for their photocatalytic properties. Samples for 
AFM imaging are made by depositing a drop of a 3 mg L−1 
suspension of NPs onto a freshly cleaved mica support.

Notably, the topographies for each sample are registered 
in different areas of the mica support (usually three areas 
in the center and 5–6 areas at the borders). One sample for 
each spherical NP type is analyzed, whereas three samples 
of TMV, three samples of bipyramids, and three samples of 
nanosheets are imaged.

3 � Instrumentation and Measurements

A metrological atomic force microscope (mAFM) is used to 
perform the measurements [20]. It is a custom-made instru-
ment with a commercial AFM head arranged on a sample-
moving mechanical structure that utilizes interferometers to 
control the relative tip–sample movements, thereby ensuring 
direct traceability to the meter unit.

Considering that the isolated NPs lie on the substrates via 
weak adhesion, measurements are conducted in a non-con-
tact mode in air using amplitude demodulation. The RMS 
amplitude is less than 1 nm. Standard silicon probes, with a 
nominal tip radius of 8 nm, a force constant of 5 N m−1, and 
a resonance frequency of 160 kHz, are used.  Notably, about 
100 particles should be imaged for good statistical analysis.

The setting of instrumental parameters is important to 
register a good AFM image for quantitative measurements. 
Based on the requested relative height accuracy and radius 
of the tip used, the number of pixels in the image should 
be adjusted. Moreover, the operator must optimize the scan 
speed based on the scan size, and measurements must be 
performed using the right cantilever oscillation amplitude 
set point and PID feedback parameters.

Notably, each topography reported in this study is cen-
tered on one single NP; thus, each image reports a single 
particle. Therefore, images with a resolution of (512 × 512) 
pixels and scan sizes ranging from 300 to 500  nm are 

recorded. The speed used is selected to let the tip register 
the scan size in 1.5–2 s and to allow the tip to register a good 
image without instrumental noise.

The critical aspects in image pre-processing include the 
leveling of the image because a tilt that is not actually pre-
sent on the sample surface is found, but it depends on sample 
mounting not perfectly perpendicular to the AFM tip. Linear 
plane fit corrections can be applied to remove any artifacts 
of consequence. In the analysis of nanoparticles, first-order 
correction can cause errors because the leveling function 
attempts to fit a polynomial to the substrate and nanoparti-
cles instead of just fitting to the substrate. Therefore, during 
the analysis of isolated NPs, rotating the inclined plane is 
preferable.

Other artifacts may be due to the presence of steps among 
subsequent scan lines, which occur when the tip scanning 
direction is reversed or when some tip contaminations are 
observed. Therefore, a line-wise offset correction is made to 
eliminate these steps.

4 � Size Reconstruction/Determination

Traceability and dissemination of samples and reference 
materials at the nanoscale are of great interest, as shown by 
several European projects, such as 3DNano [21] and nPsize 
[22]. Thus, defining methodologies for the measurement of 
critical sizes of NPs by using AFM is important. Notably, 
critical sizes refer to dimensions that uniquely describe the 
shape and geometry of a NP.

Strategies for the determination of top-height, lateral 
size, and tip characterization are discussed in the following 
sections. Tip-tilting [23] or critical dimension AFM [24] 
are used to accurately measure the dimensions of vertical 
features, such as the sidewalls of patterned semiconductor 
lines or high aspect ratio. In this paper, we focus on the 
characterization of various kinds of NPs by using selected 
commercial tips.

4.1 � Spherical Inorganic NPs

As reported in the American ASTM E2859-11 [25] and the 
NPL GPG 119 [26] guides, two methods can be used to 
measure the diameter of spherical nanoparticles: (i) height 
of isolated NPs dispersed onto a flat substrate and (ii) lateral 
distance of NPs in a closely packed monolayer arrangement. 
Considering that the second method could be a source of 
errors because of tip dilation and a perfect closely packed 
monolayer arrangement of nanoparticles can be difficult to 
achieve, the first method is preferable.

In this measure, once the cross section of the NPs 
is extracted (Fig.  1a), the average substrate baseline is 
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subtracted from the peak height to find the NP top-height 
(Fig. 1b).

The analyzed spherical NPs are gold and silica reference 
materials. Based on VIM, reference materials must be suf-
ficiently homogeneous and stable with reference to specified 
properties, which have been established in the examination 
of nominal properties [27].

As an example of these measurements, a round robin 
between different national metrology institutes (NMIs) was 
conducted within the 3DNano project by using gold and 
silica spherical NPs to demonstrate the developed metrol-
ogy capabilities to stakeholders and end users [12]. ERM-
FD304 by IRMM is a certified nanoparticle reference mate-
rial (CRM), which is a “reference material, accompanied by 
documentation issued by an authoritative body and provid-
ing one or more specified property values with associated 
uncertainties and traceabilities, using valid procedures.” 
[28].

RM8012 is a NIST reference material, which is a material 
issued by NIST with a report of investigation, depending on 
the organization wherein the materials may meet the ISO 
definition for a CRM.

These materials are used to perform instrument calibra-
tions, verify the accuracy of specific measurements, and sup-
port the development of new measurement methods.

In determining the consistency of results from different 
participants, the degree of equivalence En is calculated. The 
results are consistent if the absolute value of En is smaller 
than 1. Moreover, the Birge ratio is evaluated, and for the 
consistency of results, this parameter must be less than a 
critical value depending on the number of participating labo-
ratories. Based on these statistical tests, which are smaller 
than 1 for all participants, all the results are considered valid 
to calculate a reference value and associated uncertainty 
[12].

4.2 � Rod‑Shape Bio‑plant Viruses

The same approach used for measuring the diameter of 
spherical NPs can be applied for measuring the diameter of 
the circle base of a cylindrical structure such as the TMV 
(Fig. 2).

As shown in Fig. 2c, the average TMV diameter value for 
120 isolated viruses measured with mAFM is (16.5 ± 0.3) 
nm, which is smaller than the nominal value of 18 nm by 
X-ray fiber diffraction measurements.

The difference in results may be due to the interactions 
between the tip and the sample, the tip and the substrate, 
and the sample and the substrate. This assumption is first 
supported by the elastic moduli of various materials, which 
differ in orders of magnitude. TMV is a soft material with 
Young’s modulus E = (1.0 ± 0.2) GPa [29], whereas the 
mica and silicon tip are hard materials ( Emica = (190 ± 20) 
GPa [30] and ESi = (170 ± 5) GPa [31]).

Tip–substrate deformation �tip−sub is calculated by using 
the Hertzian model of contact mechanics [32] considering 
the spherical silicon tip apex with a radius of 8 nm and the 
planar mica substrate with a deformation of (0.02 ± 0.01) 
nm.

The adhesion interaction between TMV and mica is 
calculated by using the Johnson–Kendall–Roberts (JKR) 
[33], Derjaguin–Muller–Toporov (DMT) [34] and Mau-
gis–Pollock (MP) [35] models (which describe the defor-
mation between a sphere and a plane) and Chaudhury model 
(which is more consistent after considering the interaction 
between a cylinder and a plane). The calculated deforma-
tions �sam−sub are equal to (0.99 ± 0.29) nm by using the JKR 
model, (0.46 ± 0.13) nm by DMT, (1.81 ± 0.52) nm by MP, 
and (0.79 ± 0.23) nm by Chaudhury. The Hertzian model 
considers a purely elastic interaction without the presence 
of any forces; the JKR theory considers compressive and 

Fig. 1   a AFM topography of a gold spherical NP and b its cross-sec-
tion profile. Measurement of the diameter of an isolated spherical NP 
as top-height is explained in b 
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adhesive tractions inside the area of contact, whereas DMT 
considers only repulsive forces inside the contact area [36]. 
MP considers elastoplastic or full plastic contact [37]; thus, 
its contribution is higher compared with the other models.

The tip–sample term ( �tip−sam ) considers the Hertzian 
interaction between a spherical tip and cylinder, and its value 
is (0.35 ± 0.10) nm.

Notably, the above-mentioned deformations and uncer-
tainty are evaluated as the maximum error.

The overall deformation is calculated by �TOT = �tip−sam+ 
 �sam−sub − �tip−sub = 0.35 + 0.79 − 0.02 ~ 1.1 nm; thus, the 
TMV diameter is calculated by the sum of the mean diam-
eter from mAFM measurements, and the total deformation 
is 17.6 nm.

Considering that the diameter of the TMV is stable once 
deposited onto the mica substrate, it can be used as a refer-
ence dimension for AFM tip calibration [8], and we develop 
a geometric approach to evaluate tip dilation.

Given the known circular shape and size of the base of 
the rod virus (Fig. 3a), we calculate the semi-chord of the 
circle by s =

√

t
(

2rTMV − t
)

 , where t  is the difference 

between the top circle height to the height of the chord at 
which the dilation is calculated.

Notably, the shape of the virus affects the accuracy of 
tip characterization. In real measurements, the shape of the 
virus is not ideally cylindrical because of (i) the sample–sub-
strate interaction �sam−sub and (ii) the AFM probing force that 
affects the tip–sample interaction �tip−sam . Considering these 
interactions, an elliptical geometry of the TMV cross-section 
is reported (Fig. 3b); the elliptical semi-chord is calculated 
by e = a

n

√

t(2n − t) , where t  is the difference between the 
top ellipse height to the height of the chord at which the 
dilation is calculated, and a and n are the major and minor 
semiaxis of the ellipse, respectively.

Figure 3a, b show the right dilation dilr , which is calcu-
lated by the difference between the right width Wr and the 
semi-chord s/e based on the model used.

The same calculation is performed for the left side of 
the profile to calculate dill , and the sum of the right and left 
dilation is calculated to obtain the overall tip dilation profile. 
Figure 3c reports the comparison between the spherical and 
elliptical models, showing a lateral difference of 3%. Nota-
bly, the cylinder is primarily deformed in the part that is in 
contact with the substrate, but we expect that for the upper 
semi-cylindrical section of the virus, slightly deformed by 

Fig. 2   a AFM topography of a TMV and b its cross-section profile. 
c Histogram of the TMV mean diameter measured as cross-section 
top-height

Fig. 3   a Spherical geometric approach to determine the tip dilation 
“dil” from the TMV cross-section profile. b Not-to-scale sketch illus-
trating the elliptical geometric approach to determine the tip dilation 
“dil” from the TMV cross-section profile. c Tip enlargement profile 
comparison between spherical and elliptical methods
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the tip–sample elastic interaction, the approximation with a 
circle is consistent.

4.3 � Complex Geometry of Inorganic NPs

Most of the industrial NPs have irregular shapes; thus, 
defining new measurement methodologies for a robust 3D 
reconstruction of shapes and sizes is important. Complex 
geometric NP sizes are difficult to analyze by AFM because 
of the finite size of the tip, which dilates the imaged sample.

Using anatase NPs directly as a physical artifact, we 
develop geometric approaches for the simultaneous recon-
struction of (i) critical sizes based on the crystal intrinsic 
characteristic and (ii) the dilation profile based on the tip 
shape.

A characteristic of TiO2 anatase crystals is the interfacial 
angle � = (68.3 ± 0.3)°, which is measured by X-ray dif-
fraction [38]. By tuning the synthesis parameters, anatase 
crystals may assume different shapes. The bipyramids have 
an elongated truncated bipyramid shape with a base square, 
whereas nanosheets are squashed bipyramids (Fig. 4).

The geometric approach developed for the analysis of 
bipyramid CSs is based on two assumptions: (i) the presence 
of a square base bipyramid caused by the anatase crystal and 
(ii) the shape isotropy of the tip apex.

Figure 5a shows a cross-section profile along the NP 
minor axis, in which the bipyramid base is sketched, and 

the square side b is defined as the thickness and lateral length 
at the center of the profile. The blue segments outside the 
square describe the dilation based on the tip, and a tip dila-
tion profile can be extracted on the basis of the union of the 
right and left enlargement (Fig. 5b).

Figure 5c shows the profile along the major axis of the 
bipyramid, and the size c is obtained by deleting the enlarge-
ment segment ell and elr.

The AFM measurement results are reported in Fig. 6, and 
the sizes are b = (43.2 ± 3.4) nm and c = (58.2 ± 5.2) nm. 
The dispersion is narrow and monomodal.

Nanosheet geometric analysis is based on its geometry (a 
truncated tetragonal bipyramidal shape squashed along the 
[001] crystalline axis) and on the anatase interfacial angle 
� = (68.3 ± 0.3)°. By using this angle, the cross-section pro-
file is sliced into various segments of known length ltop + fi , 
describing the nanosheet lateral dimension l and the tip dila-
tion e (Fig. 7).

The distributions of the CSs of the nanosheets are mono-
modal, but the height h has a narrow dispersion, and the 
lateral dimension is more dispersed because of the growth of 
the crystals during synthesis (Fig. 8). The results from AFM 
measurements are h = (9.3 ± 1.4) nm and l = (75.4 ± 25.8) 
nm and are consistent with those obtained from transmis-
sion-mode scanning electron microscopy [14].

Fig. 4   a 3D sketch of a bipyramid and an AFM topography imaged 
with mAFM. b 3D sketch of a nanosheet and an AFM topography 
imaged with mAFM

Fig. 5   Not-to-scale sketches illustrating the geometric approach to 
determine the bipyramid critical sizes. a Cross-section profile along 
the minor bipyramid axis reporting the square base with side length 
“b” and the left/right tip enlargement ell and elr . b Tip dilation pro-
file obtained by deleting the square of Fig.  5a. c Cross-section pro-
file along the major bipyramid axis reporting the determination of the 
critical size “c.”
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5 � Tip dilation

AFM lateral resolution is affected by (i) the pixel size, (ii) 
tip shape, and (iii) thermo-mechanical noise. Pixelization 
affects resolution because it cannot resolve features smaller 
than the pixel size of the image.

When the AFM tip interacts with the sample, the surface 
height at the apex of the tip is recorded, whereas the true 
surface of the sample may lie at a different location. Dilation 
arises from the finite size and geometry of the tip, and it is 
pronounced when the sizes of the sample and tip are similar.

Two main methods can be used in the reconstruction of 
the AFM tip shape, including the use of “BR” models or the 
scanning of a “tip characterizer.”

BR methods allow the estimation of the tip shape 
from an AFM image. Villarrubia [2] was the first to use a 

mathematical morphology for tip characterization. After-
ward, several studies were conducted to enhance the calcu-
lation algorithm, containing noise caused by the image [39] 
and proposing reasonable parameter settings [3].

For the estimation of the tip shape by using the BR 
method implemented on MATLAB by Flater et al. [3], a 
“square pillar” with a flat top is selected as the initial esti-
mate. After the initialization of parameters, the algorithm 
iterates through all possible contact points to estimate the 
best tip shape. Optimizing the “tip matrix size” and the 
“threshold value” parameters is important to obtain the best 
estimate for the tip shape. The tip matrix size must have the 
same lateral dimension as the largest object imaged in the 
topography. The threshold parameter establishes a tolerated 
level of inconsistency between the image and tip estimate. 
These values are proportional to the image Z-range; if they 
are too low, then the tip reconstruction is dominated by the 
image noise, whereas if they are too high, then no features 
on the image are sharp enough to allow the modification of 
the initial “square pillar” geometry.

BR algorithms reconstruct a deconvoluted image to iden-
tify the deepest penetration of the tip, but if the tip geom-
etry is not appropriate or the sample does not contain sharp 
features, then errors may occur during the reconstruction of 
tip and sample geometries. Scanning a known tip character-
izer is advantageous because the sample sizes can be recon-
structed by correcting the sampled image with the “true” 
nominal shape. On the contrary, the BR method reveals an 

Fig. 6   a Repeatability plot and histogram of the bipyramid size “b”. b 
Repeatability plot and histogram of the bipyramid size “c”. The verti-
cal lines in the repeatability plots refer to the standard deviation of 
the mean of the 106 analyzed particles

Fig. 7   Sketch illustrating the geometric approach to determine the 
nanosheet critical sizes. Note that the same calculation is repeated for 
the left side of the NP

Fig. 8   a Repeatability plot and histogram of the nanosheet height “h”. 
b Repeatability plot and histogram of the nanosheet lateral size “l.” 
The vertical lines in the repeatability plots refer to the standard devia-
tion of the mean of the 100 analyzed particles
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upper boundary of the tip geometry only, but in reality, tip 
characterizers are not infinitely sharp [40].

Several tip characterizers are available in the market [41, 
42], but in Sects. 4.2 and 4.3, we have presented biological 
nanostructures and non-spherical nanoparticles as potential 
tip characterizers. These samples have specific peculiari-
ties; TMVs are low-cost nanostructures available world-
wide, whereas bipyramids and nanosheets have peculiar 
geometries to be fully characterized as potential reference 
non-spherical nanoparticles [43].

The comparison on the estimation of the shape of a 
commercial tip between BR software, which is proposed 
by Flater et al. [3], and our geometric approach is shown 
in Fig. 9. These reconstructions refer to the analysis of the 
same bipyramid image.

In estimating the tip shape, the parameters set in the 
Flater software include (i) a tip matrix size of 100 pixels, 
(ii) a number of thresholds of 20, and (iii) a threshold step 

size of 0.05 nm. The tip shape is equal to 5% of the NP 
height, obtaining a threshold step size of 2.35 nm. Then, a 
refinement of thresholds is made to obtain a threshold step 
size of 0.235 nm. Figure 9 shows three profiles obtained with 
a smaller step size.

As shown in Fig. 9a, the BR method estimates a shape 
sharper than the shape obtained by our geometric approach 
(lateral difference of about 30%), but the two methods 
analyze the same nanoparticle in a rigorous way because 
both methods reconstruct the same image artifact (small 
peak at the left side). Notably, BR software struggles dur-
ing the erosion of the initial “square pillar” (Fig. 9b). For 
threshold numbers higher than 0.3, the tip shape estimate 
is not significantly different from the original square pillar, 
whereas for smaller threshold numbers, tip reconstructions 
are dominated by image noise and tend to be unrealistically 
sharp in the absence of a more realistic reconstruction of the 
tip shape. The lateral offset (Fig. 9a) is due to the different 
reconstruction methods. Using our approach, a conical shape 
is reconstructed, and the outcome of the BR may transform 
from a square pillar-like shape to an unrealistic sharp shape.

Moreover, the BR method consumes a high computa-
tion time (the reconstruction takes about 24 h using a per-
sonal computer with 8 GB RAM and a 3.40-GHz processor 
because of the high number of pixels and threshold for the 
estimation of the tip shape).

Therefore, based on tip shape analysis from AFM topog-
raphies centered on single NPs deposited onto flat substrates, 
the geometric approach is a suitable option. On the contrary, 
in the analysis of AFM images with a rougher substrate and 
several NPs, the BR method is recommended. Our geometric 
method is primarily developed to study NP critical sizes, fol-
lowing the reconstruction of the tip dilation profile.

6 � Uncertainty

Providing measurement intervals is important to make 
quantitative measurements; the standard deviation pro-
vides the repeatability, whereas in uncertainty budgets, 
various sources of error are quantified. A measurement 
without uncertainty cannot be compared either with other 
measures or with reference values or legal limits.

Therefore, the main error sources in AFM top-height 
and lateral NP size measurements are reported in Ishikawa 
plots. These sources are used in the evaluation of uncer-
tainty budgets on various measurands, which are described 
previously. For various samples, the subsequent combined 
standard uncertainties of the mean values of measurands are 
calculated: 4% for the gold NP diameter, 4% for the silica NP 
diameter, 4% for the top-height of the TMV, 4% for b and 5% 
for c bipyramid dimensions, 10% for the height h , and 5% for 
the lateral l of the nanosheets.

Fig. 9   a Comparison between “blind reconstruction” and “geometric 
approach” for tip shape estimation. b Tip shape estimation profiles 
after threshold refinement (in the legend, the refined threshold num-
bers are reported)
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Figure  10 shows the uncertainty sources for height 
measurements. In particular, these sources refer to the 
uncertainty of the particle diameter for NPs with spheri-
cal and rod shapes and height measurement for NPs with 
a non-spherical shape. These contributions are valid not 
only for the top-height of NPs, but also for step-height 
thickness measurements.

The uncertainty sources have different nature probably 
because of (i) instrumental configuration (“Z-heights” and 
“uncompensated drift” contributions) and (ii) the measur-
and and sample under analysis (“repeatability,” “reference 
plane,” “leveling,” and “interaction” terms).

The “Z-height” considers (i) the calibration of the 
instrumental setup, (ii) the profile noise along the X-direc-
tion, and (iii) the resolution of the digital/analog converter.

The “uncompensated drifts” refer to mechanical drifts, 
which are evaluated as the straightness variation before and 
after line-wise correction.

The “repeatability” considers the standard deviation of 
the mean of the analyzed measurands.

The “reference plane” refers to the definition of the base-
line (Fig. 1b).

The “leveling” of the substrate is evaluated through 
the variation of the height value by tilting the substrate 
orientation.

The “interaction” terms refer to the uncertainty related 
to the various models used for describing the elastic/elasto-
plastic interactions. For anatase NPs, tip–sample–substrate 
interactions are negligible because anatase NPs and tip are 
hard materials with a high elastic modulus.

The main contributions in the uncertainty evaluation of 
the mean diameter of inorganic spherical NPs are the repeat-
ability of measurements, the uncompensated drifts, and the 
Z-calibration of the mAFM.

The major contribution of the uncertainty to the mean 
TMV circular base, which is evaluated as cross-sectional 
top-height, is the mAFM Z-calibration and the corrections 
of sample–substrate deformation.

The combined standard uncertainty for the square side 
b is equal to 5%, and the main contributions are due to the 
reference plane and Z-heights.

Figure 11 shows the Ishikawa plot for the reconstruction 
of lateral sizes of complex geometric NPs. The “X-size” 
term is due to (i) the image side and (ii) the pixel size based 
on the resolution and dimensions of the images and (iii) the 
resolution of the digital/analog converter.

The “tip” contribution considers (i) the dilation, which is 
evaluated by analyzing the lateral enlargement of the dilation 
profile measured by the same tip on subsequent images and 
(ii) the isotropy of the apex of the probe.

The main contributions of the uncertainty budget of the 
bipyramid lateral CS c mean value are the uncertainty of b , 
the correction of tip dilation, and the X-size term.

Finally, all three contributions shown in Fig. 11 (repeat-
ability, X-size, and tip) are important in the evaluation of the 
uncertainty of the nanosheet side l.

7 � Conclusions

Various techniques are used for 3D analysis at the nanoscale, 
such as modeling-supported scatterometry for CD metrol-
ogy and 3D SEM reconstruction from a stereo pair. AFM 
is a widely used instrumental technique that directly pro-
vides a 2.5D reconstruction of nanostructures and nano-
particles, with further capabilities provided by CD-AFM 
developments.

In this study, isolated nanoparticles of different nature 
and shapes are analyzed with selected standard tips by using 
a metrological AFM to ensure direct traceability of dimen-
sional measurements to the SI.

Height measurements can be achieved with sub-nanom-
eter accuracy and high resolution. Once the cross-section of 
the NPs is extracted, the average substrate baseline is sub-
tracted from the peak height to find the top-height of NPs.

The combined standard uncertainty of the mean diameter 
d of spherical gold and silica reference material NPs with a 
nominal diameter of 30 nm, which is evaluated as top-height, 
is equal to 0.9 nm + 0.01 d , as indicated by our calibration 
measurement capability (CMC). The uncertainty is given by 

Fig. 10   Fishbone diagram reporting the uncertainty contributions that 
must be considered in NP height measurements from AFM images

Fig. 11   Fishbone diagram reporting the uncertainty contributions 
to be considered in the measurement of NPs’ lateral size from AFM 
images
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a constant term, which is primarily influenced by the repeat-
ability of measurements and reference plane definition, and a 
proportional term, which is measured by the interferometric 
calibration of the Z-axis and sample leveling.

These measurements are conducted within the interlabo-
ratory comparison organized within the EMPIR 3DNano 
project, and the values of all NMI participants agree with 
those reported by suppliers. Moreover, our CMC is consist-
ent with the capabilities of other NMIs for spherical NPs of 
similar nominal size.

Based on X-ray diffraction measurements, TMV is a rod-
shaped virus with a stable diameter of 18 nm. Consider-
ing that the TMV top-height measured by AFM is 16.5 nm, 
tip–sample–substrate interactions are evaluated by using dif-
ferent models of contact mechanics. The total deformation 
is approximately 1.1 nm; thus, the difference between X-ray 
and top-height diameter reduces to approximately 0.4 nm.

The combined standard uncertainty on the mean TMV 
circular base measured as top-height is slightly better than 
that from spherical NPs because of the better repeatability 
of measurements. However, the significant contribution of 
sample–substrate elastoplastic adhesion hinders the applica-
tion of this kind of measurement.

Once the base of the cylindrical nanostructure is fully 
characterized, we reconstruct the enlargement caused by the 
tip by lateral measurements, assuming the circular/elliptical 
cross-section of the virus.

Determining the size of non-spherical NPs by AFM is 
a non-trivial challenge because of the finite shape of the 
tip and the complex geometry of the NP. In this study, an 
approach based on intrinsic characteristics of the NP crystal-
line structure is presented.

The geometric approach developed for the analysis of 
bipyramid CSs (namely, b and c ) is based on two assump-
tions: (1) the presence of a square base bipyramid caused 
by the anatase crystal and (2) the isotropy of the tip shape 
at its apex. The square side measured as top-height on 106 
bipyramids is b = (43.2 ± 3.4) nm, and its combined standard 
uncertainty of the mean is primarily affected by the defi-
nition of the reference plane. The CS c = (58.2 ± 5.2) nm 
describes the size that lies on the major bipyramid axis, and 
its combined standard uncertainty is influenced by the uncer-
tainty of b , the correction of tip dilation, and the X-size term.

Nanosheet geometric analysis is based on the anatase 
interfacial angle, by which “slicing” the cross-section profile 
into various segments of known length is possible, describ-
ing the nanosheet lateral dimension and tip dilation.

The nanosheet thickness measured on 100 particles is 
h = (9.3 ± 1.4) nm, and its uncertainty is primarily affected 
by the definition of the reference plane and instrumental 
calibration. The lateral size is l = (75.4 ± 25.8) nm, and this 
size is strongly affected by the repeatability and tip dilation.

Therefore, the uncertainties on complex geometric NPs 
are greater than those of spherical NPs because of the large 
distribution caused by the synthetic process. Lateral meas-
urements with smaller uncertainties are obtained by the 
inspection of line width standard with CD-tips.

Notably, all the mean values of the measurands on the 
non-spherical NPs are consistent with those performed on 
the same batch by transmission-mode scanning electron 
microscopy.

Therefore, our geometric approach allows the quantitative 
analysis of selected measurands of isolated bipyramids and 
nanosheets in a robust, repeatable, and fast way. This geo-
metrical model can be easily adapted to other non-spherical 
geometries once the nominal dimensional characteristics 
based on the synthetic process of non-spherical NPs are 
known. Further developments on this geometric approach 
will provide a comprehensive analysis of tip dilation in 
mixed samples containing several isolated spherical and 
non-spherical geometric NPs.
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