
HAL Id: hal-03428537
https://hal.science/hal-03428537

Submitted on 15 Nov 2021

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépôt et à la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche français ou étrangers, des laboratoires
publics ou privés.

Development of a multifunctional nanoindenter
integrated in-situ Scanning Electron Microscope -
application to the monitoring of piezoresponse and

electro-mechanical failures
F. Volpi, C. Boujrouf, M. Rusinowicz, S. Comby-Dassonneville, F. Mercier, R.
Boichot, M. Chubarov, Rosine Coq Germanicus, F. Charlot, M. Braccini, et al.

To cite this version:
F. Volpi, C. Boujrouf, M. Rusinowicz, S. Comby-Dassonneville, F. Mercier, et al.. Development of
a multifunctional nanoindenter integrated in-situ Scanning Electron Microscope - application to the
monitoring of piezoresponse and electro-mechanical failures. Thin Solid Films, 2021, 735, pp.138891.
�10.1016/j.tsf.2021.138891�. �hal-03428537�

https://hal.science/hal-03428537
https://hal.archives-ouvertes.fr


 

1 

 

Development of a multifunctional nanoindenter integrated in-situ 

Scanning Electron Microscope - Application to the monitoring of 

piezoresponse and electro-mechanical failures 

 

F. Volpi a*, C. Boujrouf a, M. Rusinowicz a, S. Comby-Dassonneville a, F. Mercier a, 

R. Boichot a, M. Chubarov a, R. Coq Germanicus b, F. Charlot c, M. Braccini a, G. Parry a, 

D. Pellerin d, M. Verdier a 

 

 

a Univ. Grenoble Alpes, CNRS, Grenoble INP, SIMaP, 38000 Grenoble, France 

b Normandie Univ. ENSICAEN, UNICAEN, CNRS, CRISMAT, 14000 Caen, France 

c Univ. Grenoble Alpes, CNRS, Grenoble INP, CMTC, 38000 Grenoble, France 

d Scientec / CSInstruments, 91940 Les Ulis, France 

 

Corresponding author: fabien.volpi@grenoble-inp.fr 

 

  

mailto:fabien.volpi@grenoble-inp.fr


2 

 

Abstract 

The rising complexity of multi-material structures integrated into multi-functional devices 

requires the development of dedicated characterization tools capable of simultaneously 

monitoring different physical magnitudes with a relevant spatial resolution. This paper reports 

the development and the application of an original instrument based on a nanoindenter coupled 

with fine electrical measurements and integrated in-situ a Scanning Electron Microscope 

(SEM). The performances and capabilities of this home-developed instrument are illustrated 

through two different case studies. 

First, a micrometer-scale piezoelectric structure made up of wurtzite-single crystalline AlN 

islands grown on top of conductive Si pillars is tested. In-situ SEM imaging is used to precisely 

position the indenting probe on these individual islands, while the instrument sensitivity and 

repeatability are used to monitor their low-signal piezoresponse. Effective piezoelectric 

coefficients are also extracted for different loading/unloading conditions. 

Secondly a Si3N4/AlSiCu/SiO2 stack, which is standardly integrated as a passivation structure 

on top of microelectronic chips, is electrically and mechanically stressed and monitored up to 

its failure. The mechanical failure mechanisms (buried or emerging cracks) are discriminated 

thanks to the real-time SEM imaging of the indentation test. The instrument high sensitivity is 

used to monitor early current leakages that are attributed to conduction paths induced by 

mechanical failures. 

Combining high electro-mechanical sensitivity and precise probe positioning appears as an 

efficient way to monitor and analyze low-level electrical responses of small-scale structures. 

This approach paves the way to the fine characterization of micro/nano-systems displaying 
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mechanically-driven electrical properties (conduction mechanism, leakage, breakdown,…) like 

2D-materials, dielectrics in microelectronic devices, strain-sensors, enamelled Litz wires,… 
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Nanoindentation; Scanning electron microscopy, In-situ measurements; Electro-mechanical 

properties; Piezoelectric properties, Failure 
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1. Introduction 

Whether addressing microelectronics, sensors, imagers, power sourcing or power storage, the 

complexity of small-scale devices has never stopped rising since the early ages of 

microelectronics. This rising complexity has required the integration of ever more 

heterogeneous multi-layer structures that combine different material families (semiconductors, 

dielectrics, metals) with dissimilar properties: ductility vs brittleness for mechanical properties, 

conductivity vs dielectric behavior for electrical properties, opacity vs transparency for optical 

properties,… Because of these spatial and functional heterogeneities, some dedicated 

characterization tools should be developed to monitor simultaneously various physical 

magnitudes with relevant spatial resolutions. 

Nanoindentation is a well-known technique dedicated to the local and quantitative mechanical 

testing of materials at nanoscales [1-2]. Numerous developments have been made to expand the 

capabilities of this technique [3]: real-time imaging in Scanning Electron Microscopes (SEM) 

[4-5] or in Transmission Electron Microscopes (TEM) [6-8], high temperature nanoindentation 

[9-11], coupling with electrochemical analysis [12], coupling with electrical measurements,... 

The latter development (usually referred to as ‘nano-ECR’ or ‘resistive-nanoindentation’) was 

driven by a wide spectrum of motivations such as the local monitoring of phase transformation 

[13-19], the study of native oxide fractures [20-22], the characterization of piezoelectric 

materials [23-24], the investigation of microsystem operation [25], the monitoring of dielectric 

film behaviors [26-27] and the contact area computation during nanoindentation tests [28-33]. 

Beyond the instrumental development, a challenging step of this electro-mechanical coupling 

remains the quantitative processing of raw data [26,30,34,35]. As already stated, the real-time 

imaging of nanoindentation tests has been widely reported, but only few attempts have been 
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made to combine electrical measurements and real-time observations in-situ SEM: for the 

electro-mechanical characterization of graphene in a dedicated device (nanoindenter was then 

used for mechanical actuation only) [36], for post-mortem observations of indentation imprints 

[37] or for the local characterization of multi-phased alloys [38]. 

The present article reports the development of a home-developed nanoindenter functionalized 

for highly-sensitive electrical measurements and integrated in-situ SEM. In order to highlight 

its sensing and positioning capabilities, this instrument is employed to characterize two 

different multi-material structures involving dielectric thin films. First the piezoelectric 

response of a micrometer-scale structure made up of aluminum nitride (AlN) islands grown on 

top of silicon (Si) pillars is measured. Secondly, the behavior of a Si3N4/AlSiCu stack is 

monitored up to its electrical and mechanical failures and correlated to the real-time SEM 

imaging of the indent. 
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2. Experimental details 

2.1. Electrically-functionalized and SEM-integrated nanoindenter 

The experimental set-up combines different commercial instruments with customized adapter 

systems. Fig. 1 and 2 present a scheme and an infra-red view of the set-up once integrated 

within the SEM chamber. The nanoindentation head is a commercial actuator (InForce 50 

actuator from Nanomechanics Inc / KLA-Tencor), displaying a maximum load of 50 mN and a 

static load resolution below 0.1 µN. This force-controlled actuator enables continuous stiffness 

measurement (CSM) that gives access to the continuous extraction of both hardness and elastic 

modulus. All the experiments presented in this paper have been performed with boron-doped 

diamond tips with resistivity in the range of [0.2-2] Ω.cm (with either cube-corner or flat-punch 

shapes) supplied by Synton-MDP. The whole electrical measurement chain is fully guarded up 

to the tip: a guard ring is patterned on a ceramic element that insulates the tip from the grounded 

metallic extender (see inset in Fig. 2). Electrical contacts to the tip and guard ring are made 

with 50-µm large copper wires connected to fixed plugs. The circuit leakage is low (in the fA 

range) and constant, which makes it possible to null this offset by simple subtraction. The set-

up shielding leads to a noise RMS-amplitude circa 3 fA. The Actuator and sample 

displacements are performed with linear positioners from SmarAct GmbH. Typical travel 

ranges are at the cm-scale with a ~1 nm resolution. 

Different electrical magnitudes can be measured with this set-up: leakage current, quasi-static 

resistance, dielectric capacitance, piezoresponse,… In the present case, focus is made on 

piezoresponse and electrical conduction. Current measures were conducted with highly-

sensitive ammeter or electrometer: 6430 model from Keithley (allowing current sensitivity as 
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low as the fA range) or 6514 model from Keithley, respectively. Resistance measures were 

performed with a ResiScope apparatus from CSI/Scientec. Originally developed for 

conductive-atomic force microscopy [39], this device is optimized for real-time and self-

compliant resistance measurements. It ranges from 100  to 1 T, with acquisition rates up to 

1kHz. 

The overall set-up has been designed to be integrated into an SEM. In the present work, the 

SEM apparatus used was a Field Emission Gun Gemini SEM 500 from Carl Zeiss. In standard 

conditions, the specimen surface was scanned under a 60° tilt angle. SEM-integration allows 

positioning of indents with a precision better than 100nm [38]. Electrical-nanoindentation 

experiments can be performed either ex-situ or in-situ SEM. 

2.2. Samples 

Two dielectric structures displaying drastically different mechanical and electrical behaviors 

are characterized in the present work. 

Sample 1 is made up of micro-scale wurtzite-single crystalline AlN islands grown on top of 

conductive Si pillars. AlN islands were grown from chlorinated precursors and ammonia, 

AlCl3/NH3 diluted in N2 and H2. Patterned Si substrates were home-made from p-type boron 

doped single side epi-ready polished Si (111) wafers. A 5 to 10 nm buffer layer of SiC was in 

situ synthesized prior to the growth of AlN. In order to promote local growth of AlN only on 

top of Si pillars, heteroepitaxial growth has been conducted at 1.5 104 Pa pressure with high 

concentration of the precursors in the gas phase. Additional details are given in [40]. Structural 

investigation with TEM and Raman spectroscopy reveal a lower defect density and reduction 

of stress in AlN locally grown on pillar compared to AlN grown on Si flat substrate. Due to the 
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patterning technique and the photoresist mask used, hexagonal pillars (as presented in [40]) and 

rhombus pillars can be obtained simultaneously at different locations on the same wafer. In the 

present work, we report on the piezoelectric behavior of AlN islands grown on rhombus pillars 

since in-depth structural characterization by X-Ray diffraction techniques and transmission 

electron microscopy observations does not reveal noticeable differences for AlN islands grown 

on both type of pillars (not presented here). Si pillars were typically 20-30 µm high and ~5 µm 

wide. 

Sample 2 is a stack of dielectric and metallic alloy films. The topmost layer is a Si3N4 film 

usually integrated at the end of manufacturing process to protect microelectronic chips from the 

ambient moisture and contaminants [41-42]. Beyond these chemical requirements, this layer 

must withstand the mechanical stresses that develop during packaging processes (grinding, 

dicing, bumping, ball dropping, cleaving or sawing) [43-44]. These processes can nucleate and 

propagate cracks inside the multi-layer stacks that degrade chip integrity [45]. Preventing these 

stress-induced failures requires to properly apprehend the electro-mechanical behavior of these 

multi-material stacks. Sample 2 consists of a 450 nm-thick SiO2 layer deposited by Plasma 

Enhanced Chemical Vapor Deposition (PECVD), covered by a sputtered 3µm-thick 

Al98.96Si1.00Cu0.04 (AlSiCu) film, and covered by a 1.3 µm-thick Si3N4 layer (grown by PECVD 

at ~400 °C with a SiH4/NH3 gas mixture). The stack was grown on a (001)-oriented silicon 

wafer. 

2.3. Residual imprint characterizations 

Residual nanoindentation imprints were essentially observed by SEM. Top-surface views were 

taken with the same SEM as the one used for in-situ experiments (Gemini SEM 500 from Carl 
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Zeiss). Cross-views were taken after focused ion-beam (FIB) milling, using a FIB Cross Beam 

NVision 40 from Carl Zeiss (Ga source with an acceleration voltage of 30 kV and current 

intensity of 300 pA). 

 

 

Fig. 1. Scheme of the resistive-

nanoindentation set-up in the “in-situ 

SEM” configuration. 

 

 

Fig. 2. Infra-Red view of the set-up once integrated within the SEM. A 

close-up on tip connections is shown in inset. 1 = Nanoindenter 

head, 2 = Extender, 3 = Specimen, 4 = SEM column, 5 = Ceramic 

element, 6 = Guard terminal, 7 = Signal terminal, 8 = Tip. 
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3. Results and discussion 

3.1. Characterization of micrometer-scale piezoelectric AlN islands 

As they combine both mechanical and electrical stimuli, electrically-functionalized 

nanoindenters are particularly well suited for the characterization of piezoelectric materials 

[24,46], as a complementary approach to Piezoresponse Force Microscopy technique (PFM)  

[47-48]. Pioneering works on bulk piezoelectric materials [49] or on thin films have shown the 

possibility to perform quantitative measures of direct [50] or converse piezoelectric effects [23], 

as well as depolarization phenomena in ferroelectric materials [51]. The testing of 

nanostructured samples (piezoelectric nano-islands, nano-rods,…) has also been reported 

[34,52]: the indenter positioning was then either performed by running the instrument in a 

“piezo scanning mode” where the indenter senses the surface in a try-error process [34], or after 

topography characterization by scanning probe microscopy [52]. These pioneering works 

highlight the challenge of probe positioning in piezoresponse testing with nanoindenters. 

However, beyond these achievements, the reported positioning procedures may present 

different drawbacks. For instance, they cannot apply when the sample has a flat surface (i.e. 

when the domain to be indented has no relief). Moreover, in the case of “piezo scanning mode”, 

the procedure might induce surface damages on sensitive samples. We hereafter present a case 

study where in-situ SEM-monitoring appears as an alternative solution for direct spatial 

positioning. More generally, this case study illustrates the capability of the present instrument 

to perform quantitative direct piezoelectric measures at ultra-low electrical level with 

appropriate spatial resolution. 
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3.1.1. Testing procedure 

Fig. 3a shows a schematic of the overall set-up for the piezoresponse monitoring of Sample 1 

under SEM observation. Si pillars were taken as electrical back-contacts to the AlN islands and 

were grounded, while the indenter tip was taken as both the mechanical strainer and the 

electrical front-side contact. In order to apply a homogeneous mechanical strain onto islands, a 

flat-punch geometry was chosen for the indenter tip (5 µm of diameter). A typical SEM-view 

of the flat-punch tip in contact with an AlN island is shown in Fig. 3b. Because of unavoidable 

misalignments of the workpieces constituting the experimental set-up, an intrinsic angular 

misalignment builds-up between the flat-punch and specimen surfaces. This angle has been 

measured experimentally on this set-up to be circa 0.01 rad, which is rather standard for 

nanoindentation systems [53]. In order to ensure the flat-punch to be fully in contact with the 

sample surface all along the test, an initial mechanical load of 10 mN was applied before 

piezoelectric testing. For the present experiments, choice has been made to monitor the current 

  

Fig. 3. (a) Schematic of the overall set-up for the characterization of sample 1 (b) SEM-view of sample 1 under 

test (Acc. Voltage = 5 kV). 
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flowing through the tip rather than voltage changes. Electrometer was then set on its ammeter 

mode with 0 V applied to the tip (thus ensuring the zero-field condition). 

3.1.2. Piezoelectric response measurements 

The piezoresponse of the AlN islands was assessed through load cycles performed by steps of 

10 mN. A typical load-displacement curve showing the reversible mechanical behavior of the 

structure over three successive cycles is shown in Fig. 4. An example of load and current data 

monitored during one of these load cycles is given in Fig. 5a. Current bursts are clearly observed 

for each load step (increment/decrement). Compressive forces result in positive current peaks 

and the return to equilibrium produces a negative current. The amplitude of the return peaks is 

almost twice weaker. The ultra-low current level (several tens of fA) is orders of magnitude 

lower than standardly reported in literature [34,49,54]. This lower level can be explained by the 

combination of both intrinsic and geometrical attributes: 1/ AlN has a much lower intrinsic 

piezoelectric response than perovskite-like structures often reported in literature (~5 vs 100-

1000 pC/N, respectively) [24,55] and 2/ the contact radius (only 5 µm wide in the present work) 

scales one or two orders of magnitude lower than typical contact radiuses obtained with large 

spherical tips. The measurement repeatability can be observed in Fig. 5b, where load cycles 

clearly superimpose despite the very low signal. Then the amount of generated charges has been 

obtained by integrating current curves. The order of magnitude for each charge burst is several 

tens of fC. An effective piezoelectric coefficient 𝑑𝑒𝑓𝑓 can then be extracted for each load step 

(increment/decrement) by calculating the ratio between generated charges and load step 

amplitude [50]. As load changes were performed at a constant strain rate of 0.5 %/s, various 

load rates were assessed from a step to another (from ~7 to ~16 mN/s). The dependence of the 
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effective piezoelectric coefficient 𝑑𝑒𝑓𝑓 against this load rate, calculated for each load step 

(increment/decrement) is shown in Fig. 6. These values are in full agreement with reported data 

on AlN thin films [56-57]. It is to be noted that 𝑑𝑒𝑓𝑓 depends on the loading direction (loading 

vs unloading) and on load rate. The dependence on load rate is usually observed on ferroelectric 

materials where depolarization kinetics modify the overall response [34,50-51] and thus 

requires dedicated experiments [34]. The lower value measured during unloading (up to 50% 

difference) can be attributed to a polarization effect, as observed by PFM on polycrystalline 

AlN [57]. This point is in accordance with the spontaneous polarization expected on these single 

crystalline AlN islands [58]. In order to make sure without ambiguity of the piezoelectric origin 

of this signal, the same procedure has been applied to an amorphous silica film, that generated 

no electrical signal. 

To conclude on this part, the in-situ SEM imaging was shown to enable the precise positioning 

of the indenting probe on a micro-scale piezoelectric structures. The instrument high sensitivity 

and repeatability, essentially due to the fully-guarded measurement chain, are used to monitor 

and quantitatively analyze low-signal piezoresponse. These performances open the way to the 

testing of materials with moderate piezoresponse (like III-V and II-VI semiconductors [59-60]) 

and/or small-scale structures (like piezoelectric scaffold nanostructures [61-62]) that would be 

difficult to sense otherwise. 
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Fig. 4. Load-displacement curves over three 

successive stress cycles. 

  

Fig. 5. (a) Current and load vs time over one stress cycle. (b)  Current vs load over three successive stress-cycles. 
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Fig. 6. Effective piezoelectric coefficient against 

loading/unloading rate. Error bars were calculated 

from the dispersion on the three successive 

loading/unloading cycles shown in Fig.4. 
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3.2. Electro-mechanical behaviors and failures of a dielectric/metal stack 

In advanced semiconductor manufacturing, integrated structures can be subjected to large 

mechanical stresses during processing (during the Chemical Mechanical Polishing process step 

for instance [63]), during packaging (wafer grinding, dicing, cleaving or sawing processes [43-

44]) or even during operation [64-66].  These stresses may lead to both electrical and/or 

mechanical failures: electrical leakage, electrical breakdown, cracks,… Preventing these stress-

induced failures first requires to properly apprehend the mechanical behavior of these multi-

material stacks. In that purpose, a tool able to both actuate and sense these phenomena under 

real-time imaging should allow a better description of device reliability. 

3.2.1. Testing procedure 

Fig. 7 shows a schematic of the overall set-up for the testing of Sample 2. Resistive-

nanoindentation tests were performed in-situ SEM with a cube-corner tip under 10 V. The cube-

corner shape was chosen for two reasons. Firstly, it allows a large field of view of the indented 

area under the 60° tilted beam incidence in SEM. Secondly, it allows to scan a larger range of 

mechanical deformations than a Berkovich shape. When idents were performed under SEM 

imaging, the electrical response was measured with the Resicope module. For the monitoring 

of ultra-low currents, SEM imaging was switched off and measures were performed with a 

Keithley 6430 module. 
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3.2.2. Electro-mechanical monitoring 

Fig. 8 reports the mechanical and electrical responses of a typical indent performed in-situ 

SEM, while current was recorded with the Resiscope module. For this experiment, the final 

load was 45 mN, leading to a penetration depth of ~3.5 µm. From the mechanical point of view, 

various pop-in events are recorded all along indentation. The first pop-in is observed at 529 nm 

(~100 nm long), while the largest one spans from 1454 nm to 1980 nm (more than 500 nm 

long). Such pop-in events have been widely reported in literature [67-69] and attributed to 

interfacial delamination, and/or to film cracking [69-70]. In order to discriminate these 

phenomena, indentation tests have been fully recorded in video format. Several snapshots have 

been extracted at characteristic points of the indentation curve. Fig. 9 reports the SEM views 

corresponding to the four marks on the loading curve (pictures were taken right after each pop-

in event). Two significant points are highlighted: 1/ the three first pop-ins (marks A, B and C) 

do not lead to crack emerging at the free surface of the Si3N4 film and 2/ the largest pop-in 

(mark D) corresponds to the appearance of an orthoradial crack circumventing the indenting 

area (pointed in the figure). Generally, pop-in events can be the signature of different 

phenomena such as the nucleation of dislocations [71], stressed-induced phase transformation 

[72], twinning [73] or film cracking [67,74]. The great acuity of cube-corner tips is known to 

initiate early mechanical cracks underneath and around the indenter [67,75-77]. Consequently, 

in the present case, the first pop-ins (marks A, B and C) can be attributed to cracks that initiate 

and propagate inside the Si3N4 film, between the tip and the underlying AlSiCu ductile film. 

The development of these cracks is expected to generate high densities of electrical defects that 

tend to shortcut these two electrodes (tip and AlSiCu film). On the contrary, the D pop-in 

corresponds to a crack that initiates at the free surface of the Si3N4 layer and then propagates 
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within the layer, thus leading to the visible orthoradial crack. For this crack, the corresponding 

electrical defects do not shortcut the two electrodes. 

From the electrical point of view, leakage current remains at the Resiscope ground level (several 

tens of pA) from 0 to 2700 nm before a steep current rise. This noise around ground level is due 

to electron injection into the tip by the SEM beam during real-time imaging. The inset of Fig. 8 

shows the current monitored during the first 10 seconds of the test, thus highlighting periodical 

current bursts due to beam scanning. This point appears as the most important limitation to real-

time SEM imaging of resistive-nanoindentation on dielectric structures, as it prevents current 

measures below the pA level. Even though this threshold can be lowered by optimizing the 

observation conditions, it remains an inevitable limitation. However, it is to be noted that the 

characterization of conductive or leaky systems (metallic alloys [38], strain sensors [78], 

microelectronic-integrated dielectrics [79-80 ]...) is not or weakly affected by this issue as long 

as the relevant signal exceeds this pA level. Finally, the steep current rise at 2700 nm reaches 

hundreds of µA before smoothly increasing until final loading. 

 

  



 

19 

 

 

 

The correlation of these mechanical and electrical failures can then be discussed. It appears that 

the steep current rise at 2700 nm occurs far after numerous cracks within the dielectric. In order 

to explain this current rise, residual imprints have been FIB-sliced and observed by SEM. 

Fig. 10 shows the indent imprint before and after FIB-slicing. In Fig. 10b, the Si3N4/AlSiCu 

interfaces have been delineated with dashed lines in order to identify the position of the tip at 

the final stages of indentation. It can be seen that the tip apex has reached the AlSiCu layer 

lately during indentation. As the gap between the Si3N4 crack edges (pointed with dashed 

arrows) is filled by AlSiCu, it can be concluded that the steep current rise at 2700 nm was an 

electrical shortcut between the tip and the AlSiCu layer, and this shortcut was consecutive to 

the creep extrusion of AlSiCu through the Si3N4 crack. This point is in agreement with the 

smooth current increase observed after this electrical shortcut: AlSiCu extrusion further extends 

under the ongoing indentation. 

  

Fig. 7. Schematic set-up for the characterization 

of sample 2. 

Fig. 8. Resistive-nanoindentation tests on sample 2 

performed in-situ SEM with Resiscope module 

(SEM imaging turned on). The current monitored 

during the first 10 seconds of the test are shown 

in inset. 
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In order to better follow the evolution of current flowing through the dielectric film before this 

failure, another experiment run with the 6430 module from Keithley has been carried-out 

(Fig. 11). In this very case, SEM imaging was turned off to avoid current overflow induced by 

electron injection. A similar steep current rise (still associated to the direct tip/metal contact) is 

also observed at large penetration depth, but it can be seen that the Si3N4 dielectric film actually 

starts leaking at much smaller depths: leakage currents are detectable short after the first pop-

in (800 nm for this test) and increase continuously up to the final electrical shortcut. This 

leakage increase during indentation is attributed to the generation of electrical defects along 

crack side-walls that form conduction paths. The slight current overshoots observed after each 

mechanical pop-in are inductive currents generated by the corresponding abrupt tip motions. 

Correspondences between mechanical pop-ins and current bursts are pointed with dashed lines. 

From test to test, slight differences in pop-in frequency, incursion amplitude,… can be observed 

(compare loading curves of Fig. 8 and 11). These differences are mainly driven by the 

microstructure of the underlying films (the highest acuity of the cube-corner tip makes it more 

sensitive than Berkovich tips to local heterogeneities). 

As a conclusion on the characterization of this stack, the high sensitivity of the set-up is used 

to monitor both electrical and mechanical failures: early leakages are detected and related to 

conduction paths induced by mechanical failures. Real-time SEM imaging has allowed to 

discriminate the type of mechanical failure mechanisms (buried and/or emerging cracks) 

correlated with load-displacement curves. This case study shows that the present instrument 

would be an efficient tool to characterize materials displaying mechanically-driven conduction 

mechanisms: 2D-materials (carbon-based materials, MoS2, Ag-nanowire networks,…) [36,81-

83], materials for strain-sensors or flexible electronics [78,84], dielectrics in microelectronic 
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devices (leakage and failure of low-permittivity dielectrics subjected to mechanical stresses) 

[79-80,85], enamel coatings [86],… In these cases, real-time SEM observation would be used 

either for probe positioning or for the monitoring of failure. 
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Fig. 9. Snapshots of in-situ SEM resistive-nanoindentation tests. The figure labels refer to the pop-in marks in 

Fig. 8. (Acc. Voltage = 2 kV) 
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Fig. 10. SEM observations of residual imprints on stack 2. (a) Before FIB-slicing. Dashed line delineates the 

FIB-slicing position (b) After FIB-slicing. Si3N4/AlSiCu interfaces are delineated with dashed lines. Edges 

of the Si3N4 cracks are pointed with dashed arrows. AlSiCu extrusion through the Si3N4 film is pointed with 

full arrow. 

 

 

Fig. 11. Resistive-nanoindentation test performed on 

sample 2 with Keithley 6430 module (SEM 

imaging turned off). 

 

 

 

  



24 

 

4. Conclusion 

The present paper reports the technical description and application of a home-developed 

characterization device based on a nanoindenter. The nanoindenter has been functionalized to 

perform electrical measurements and adapted to be integrated in-situ SEM. In order to highlight 

its performances, this instrument is applied to the fine characterization of two different multi-

material structures involving dielectric thin films. The guarded electrical measurement chain is 

shown to enable highly sensitive measures: low-level signals (down to tens of fA) of both 

piezoresponse and leakage currents have been monitored and related to mechanical events 

(elastic strain and cracks, respectively). This high sensitivity is particularly interesting for the 

characterization of functional thin films where low-level leakage currents are most common. 

For instance, this instrument opens the way to the monitoring of electrical conduction and 

failure mechanisms induced by mechanical stresses on dielectrics in microelectronic devices 

(like high- or low-permittivity dielectrics that are subjected to thermo-mechanical stress cycles), 

on passivation enamels of Litz wires (these coatings are subjected to harsh mechanical wear all 

along their lifetime),… Real-time SEM imaging enables the precise positioning of the probe on 

micro-scale structures, as well as the discrimination of mechanical failure mechanisms. The 

variety of these case studies illustrates the versatility of this instrument, as well as its potential 

for further developments and applications. 
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