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Figure 1 (Color online) Schematic of AFM system configuration
[30]. Copyright©2018, Shiraz University.
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Figure 2 (Color online) Schematic of the interaction force between tip
and sample as a function of distance [31]. Copyright©2007, Université
Joseph Fourier.
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Figure 3 (Color online) Schematic of the optical lever displacement
detection device.
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Figure 4 (Color online) Schematic of the AFM working modes. (a)
Contact mode; (b) non-contact mode; (c) tapping mode [31]. Copy-
right©2007, Université Joseph Fourier.
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Figure 5 (Color online) Schematic of the AM-AFM system [31].
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Figure 7 (Color online) Schematic of the energy and charge
distribution [40]. Copyright©2016, Hindawi.
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Figure 8 (Color online) Schematic of the Kelvin method with
vibrating electrode [40]. Copyright©2016, Hindawi.
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Figure 18 (Color online) Schematic of the tilting AFM for 3D surface
topography measurement [73,74]. Copyright©2013, AIP and Copy-
right©2013, SPIE.
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Figure 20 (Color online) Critical dimension probe. (a) Structure
schematic and the scanning electron microscopy (SEM) image; (b)
schematic of the tip geometry convolution errors [87,90,91]. Copy-
right©2016, Elsevier, Copyright©2006, SPIE and Copyright©2020,
10P.
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Figure 21 (Color online) Schematic of 3D surface topography
measurement method based on the critical dimension probe with
dynamic vibration mode [93]. Copyright©2011, SPIE.
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Figure 22 (Color online) Schematic of 3D surface topography
measurement method using the critical dimension probe with con-
trollable contact force [95]. Copyright©2006, JSAP.
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Figure 23 (Color online) 3D surface topography mapping method with the assembled probe in AFM. (a) Sidewall measurement results with the
assembled cantilever probe; (b) system schematic of sidewall imaging with the orthogonal cantilever probe [98,99]. Copyright©2006, AIP and
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Figure 24 (Color online) 3D surface topography mapping method with the orthogonal cantilever probe. (a) System schematic; (b) omnidirectional
3D surface topography measurement results of the microarray units [100]. Copyright©2023, Elsevier.
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Figure 25 (Color online) 3D surface topography mapping method with the dual probes. (a) Measurement schematic with the caliper of dual silicon
probes; (b) measurement schematic with the caliper of dual optical fiber probes [77,101]. Copyright©2002, SPIE and Copyright©2015, Elsevier.
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Figure 26 (Color online) 360° omnidirectional 3D surface topography AFM mapping method. (a) AFM system for 360° 3D surface topography
characterization; (b) 3D surface scanning schematic with detection-and-decision steps and its measurement results including a hole and a pillar

[106,107]. Copyright©2019, Elsevier.
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Figure 27 (Color online) 3D surface topography measurement based
on the carbon nanotube probe. (a) Mapping schematic; (b) the SEM
image of the carbon nanotube tip [108]. Copyright©2005, IOP.
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Figure 28 (Color online) 3D surface topography mapping method based on the probe with a customized tip. (a) Design and its SEM image of the
customized FIB-milled probe with a sidewise oriented tip for sidewall measurement; (b) design and its SEM image of the tailored CD probe for 3D
AFM measurement; (c) probes with the customized thin-flaked tip and its scanning results of the deep trench; (d) the quartz tuning fork force sensor for
sidewall measurement and its mapping result [96,119-122]. Copyright©2014, IEEE, Copyright©2013, IEEE, Copyright©2009, IOP, Copyright©2018,

IOP and Copyright©2018, MDPI.
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Figure 29 (Color online) 3D surface topography mapping method based on the probe with a customized cantilever. (a) Design and its SEM image of
the silicon nitride microcantilever with 3D sensitivity; (b) schematic of the nanoprobe with quasi-isotropic 3D stiffness [124,125]. Copyright©2014,

IOP and Copyright©2020, IOP.
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Figure 30 (Color online) 3D surface potential measurement methods. (a) Schematic of the 3D KPFM for characterization of the in-plane
piezoelectric potential; (b) schematic of the 3D surface potential mapping method with force volume band excitation KPFM with the electrostatic force
detection results collected at 50 nm distance and corresponding cross sectional data; (c) system and mapping results of the sub-surface characterization
for carbon nano tubes distributed in polymer; (d) schematic of the ion beam polished processing and the KPFM measurement results of the cross-
sectionp [132-135]. Copyright©2011, Wiley-VCH, Copyright©2015, IOP, Copyright©2012, ACS, Copyright©2019, Lancaster University.
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Figure 31 (Color online) 3D surface nanomechanical properties measurement methods. (a) System schematic based on the colloidal probe and
mechanical properties measurement results; (b) schematic of the ion beam polished processing and the nanomechanical properties measurement results
of the cross-section [146,147]. Copyright©2021, RSC and Copyright©2013, ACS.
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Three-dimensional multi-parametric surface detection technology
based on atomic force microscopy

GENG JunYuan'’, ZHANG Hao’, MENG XiangHe’, XIE Hui’ & ZHAO Xin'

" Institute of Robotics and Automatic Information System and the Tianjin Key Laboratory of Intelligent Robotic, Nankai University, Tianjin 300350,
China;
% The State Key Laboratory of Robotics and Systems, Harbin Institute of Technology, Harbin 150080, China

Three-dimensional (3D) micro-nano electronic devices are gradually becoming the mainstream semiconductor component, due to
their excellent compact structure and high functional density. 3D multi-parametric surface detection with quantitative analysis is
especially critical to the functional quality control of these 3D micro-nano devices. As a practical detection instrument, atomic force
microscopy (AFM) can realize high-resolution imaging of micro-nano surface morphology, electrical and mechanical properties
through tip—sample interaction force feedback. This review summarizes the 3D multi-parametric surface detection technology based
on AFM. Firstly, the AFM measurement principles of surface topography, surface potential, and surface nanomechanical properties
are introduced. And then, AFM-based 3D surface topography measurement methods are demonstrated, the advantages and limitations
of which are discussed simultaneously. In addition, current 3D surface potential and 3D surface nanomechanical properties mapping
methods are described. The necessity of 3D surface electrical and mechanical properties detection, and the limitations of current 3D
surface detection methods are analyzed. Finally, the development and challenges of 3D multi-parametric surface detection technology
based on AFM in the future are prospected and briefly reported, respectively. The AFM-based 3D multi-parametric surface detection
technology outlined in this paper will provide powerful technical support for promoting the functional mechanism research of 3D
micro-nano electronic devices.

3D micro-nano electronic device, atomic force microscopy, 3D surface topography, 3D surface potential, 3D
surface nanomechanical properties
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