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Electronic nanogaps feature rich physics, including mechanical, optical, plasmonic, 

thermoelectric, electronic transport, and quantum mechanical spin- and interference-

dependent transport phenomena.[1] On the one hand, electronic nanogaps enable probing and 

detection of molecules, two central processes in molecular electronics[1, 2] and in biosensing 

based on electron tunneling,[3],[4],[5]and surface plasmons.[6] On the other hand, electronic 

nanogaps are fundamental building blocks of ultra-fast vacuum transistors[7] and ultra-low 

power nano-electromechanical switches.[8] Furthermore, tunnel junctions that are formed 

between superconducting electrode materials at cryogenic temperatures, so called Josephson 

junctions, are important building blocks of quantum information processing devices[9] (see 

Supporting Information for an overview of electronic nanogap applications). 

Despite their importance, scalable fabrication of sub-10 nm electronic nanogaps remains 

challenging because of difficulties in ensuring dimensions and electrode separations in an 

accurate and reliable manner. Existing electronic nanogap fabrication techniques include 

mask-defined etching processes,[10] layer-defined sacrificial etching processes,[8, 11] material-

growth processes,[12-14] combinations of layer-defined and material growth processes,[15] self-

assembly processes,[4, 16] and electrical breakdown process[17] (see Supporting Information for 

an overview of major electronic nanogap fabrication techniques). Each of these approaches 

https://onlinelibrary.wiley.com/doi/abs/10.1002/adma.201504569
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suffers from severe drawbacks, including limited process control, limited dimensional 

accuracy and risk for residual contaminants in the nanogaps. Another approach to form sub-

10 nm electronic nanogaps are so-called break-junctions (BJs)[18, 19] targeted at probing single 

molecules, including recently reported grain boundary break-junctions utilizing focused ion 

beam (FIB) milling.[20] But while BJs are particularly suitable to generate sharp electrode tips 

with sub-10 nm spacing, they can only be fabricated as discrete devices and therefore are 

unsuitable for realizing large scale complex systems.  

Here we report on a new method that circumvents the technological difficulties faced by 

existing approaches to form nano-scale gaps. In this method, we utilize controlled crack 

formation in a thin electrically conductive film, thereby forming electrodes separated by nano-

scale gaps. We introduce here the term crack-junctions (abbreviated CJs) to designate these 

structures. The electronic nanogaps of CJs exhibit unique features, including (i) highly 

controllable gap widths that can be tailored in a range between sub-2 nm and >100 nm, 

(ii) electrode surfaces with corresponding matching topographies, and (iii) high gap-height to 

gap-width aspect-ratios. Moreover, unlike all previously reported techniques, our method 

enables scalable fabrication of arrays of electronic nanogaps in combination with design-

controlled sub-10 nm gap widths. We demonstrate the scalability of the method by realizing 

arrays with several hundreds of densely packed electronic nanogaps featuring accurate and 

predictable nanogap widths, each one determined by its own geometrical design. We further 

demonstrate that the method is applicable to generate junctions with ultra-small gap widths by 

fabricating, electrically probing and fitting the I-V characteristics of 100 tunnel CJ devices. 

This represents an important step towards complex molecular-scale electronic circuits 

utilizing electronic nanogaps. 

Our method starts out by placing a brittle, electrically conductive thin film under residual 

tensile stress on top of a sacrificial layer on a substrate. The conductive thin film is patterned 
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to outline a notched electrode bridge as illustrated in Figure 1a and b, upper panels. Next, the 

sacrificial material supporting the electrode bridge is selectively removed using isotropic 

chemical etching as shown in Figure 1a and b, lower panels. In so doing, the conductive thin 

film is locally detached from the substrate and the tensile stress that is stored in the thin film 

is released. This, in turn, causes the build-up of stress in the film at the notch of the electrode 

bridge. Once the local stress level at the notch overcomes the strength of the thin film 

material, a crack is initiated at the notch. This results in the fracture of the electrode bridge, 

contraction of the thin film electrodes in opposite directions and the formation of a nanoscale 

gap that is separating the electrodes as illustrated in Figure 1a and b, lower panels. By 

choosing an electrically insulating material beneath the electrode film, the electrodes are 

electrically isolated. 

The nanogap width is determined by the extent of the contraction w of the fractured 

electrodes, which depends on the length L of the release-etched part of the electrode bridge, 

on the tensile stress σ in the electrode film and on the Young’s Modulus of the electrode 

material. In a first order approximation, the nanogap width is then defined by w = (σ/E) * L. 

Because of this proportionality between w and L, the nanogap width w can be varied for 

different devices placed on the same substrate simply by varying L. Thus, our method is based 

on the conversion of a µm-scale length that can be easily defined by standard lithographic 

patterning, to determine a precisely controlled nm-scale inter-electrode separation, where σ/E 

is the conversion factor. 
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Figure 1. Schematics of the proposed method and SEM images of crack-defined electronic 

nanogaps. a), b) Schematics with a perspective a) and a cross-sectional b) view of the 

proposed method for realizing crack-defined electronic nanogaps: A brittle, electrically 

conductive thin film under residual tensile stress is patterned to define a notched electrode 

bridge; next, the electrode bridge is release-etched  by isotropic chemical etching of the 

underlying sacrificial layer; the electrode bridge fractures at the notch during the release-

etching, when the stress concentration at the notch reaches the fracture strength of the thin 

film material; the resulting nanogap has a width that is determined by the extent of the 

contraction w of the fractured electrodes, which is proportional to the length L of the release-

etched part of the electrode bridge. The height h of the resulting nanogap is set by the 

thickness of the electrode film and the length l of the nanogap is predetermined by the 

lithographic pattern. c), d) SEM images of a crack-defined electronic nanogap that is 15 nm 

wide and confined by TiN electrodes. e) SEM image of a released and cleaved TiN cantilever 

featuring sharp, vertically cracked surfaces. Scale bars, a), 200 nm, c), 100 nm, e), 200 nm. 

 

We demonstrate the method by realizing electronic nanogaps made of thin-film titanium 

nitride (TiN) electrodes that are placed on top of an aluminum oxide (Al2O3) sacrificial layer 

on a silicon (Si) substrate (see Methods). TiN was chosen as electrode material because of its 

attractive structural, plasmonic and superconducting properties,[11, 21] which makes it a very 

promising electrode material for a variety of nanogap-based devices and applications. TiN 

features two additional relevant characteristics. Firstly, thin TiN films under residual tensile 

stress can be easily deposited on silicon substrates. This is achieved here by depositing a TiN 
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film at a temperature of 350 °C. When cooling the substrate after film deposition from 350 °C 

to room-temperature, the TiN film with a coefficient of thermal expansion (CTE) of 9.6 x 10-

6 K-1 contracts to a larger extent than the silicon substrate with a CTE of 2.6 x 10-6 K-1, thus 

resulting in residual tensile stress in the TiN film.[22] Secondly, TiN is a brittle material that 

does not exhibit substantial plastic deformation during fracture,[23] which is a necessary 

feature to facilitate crack propagation. A representative example of a crack-defined electronic 

nanogap featuring a gap width of 15 nm, a gap length of 120 nm and an electrode thickness of 

100 nm is shown in the scanning electron microscope (SEM) images in Figure 1c and d. The 

suspended TiN cantilevers are straight and display sharp, vertically cracked surfaces that 

follow the grain boundaries of the TiN film, as shown in Figure 1c-e. The low roughness of 

the cracked surfaces in the vertical direction (see Figure 1e) is a result of the columnar 

structure of deposited TiN films.[24] 

We have confirmed the linear dependence of the electrode contraction w on the length L of 

the suspended electrode bridge, by implementing electrode bridges of varying lengths on a 

substrate and measuring the resulting nanogap widths. The measurement data depicted in 

Figure 2a reveals a scaling factor from L to w of σ/E = 0.0031 in the 70 nm-thick TiN film, 

which implies that after crack formation, the electrodes are contracting by 3.1 nm for every 

1 µm length of the suspended electrode bridge. Tunnel CJ devices with sub-2 nm gap widths 

have been realized to demonstrate the utility of our method for advanced device 

implementations. This was done by designing a length L of the release-etched electrode 

bridge of 800 nm. An array consisting of 100 tunnel CJs was fabricated on a substrate. 

Inspection of the array (after electrical device characterization) with an SEM revealed that 

each of the 100 devices did feature a crack as intended. All CJs were characterized by 

electrical probing in a nitrogen atmosphere at room temperature. Direct and field emission 

electron tunneling characteristics were observed consistently in 40 out of the 100 devices. The 

remaining devices either displayed low resistance conduction (22 CJs), no detectable current 
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conduction at voltages below 1 V (31 CJs), or melted during the measurements (7 CJs) (see 

Supporting Information for details of device characterization). Current–voltage (I-V) 

characteristics of a typical tunnel CJ device are displayed in Figure 2b. Electron tunneling was 

modelled using the Simmons formula[25] and the fitting curve is shown in Figure 2b, 

indicating an effective gap width w’ of 1.74 nm for this device. 
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Figure 2.  Accuracy and scalability of crack-defined electronic nanogaps and characteristics 

of tunnel CJs. a) Graph showing the linear dependence between the length L of the suspended 

electrode bridge and the extent of the contraction w of the fractured electrodes. The seven 

round data-points represent SEM measurements of w and L performed on 63 CJ devices, 

including seven designs with different lengths L of the suspended electrode bridges. For each 

device design 8 to 10 devices were characterized. The error bars represent the minimum and 

maximum measured values of w for each set of devices. The standard deviations are between 

0.45 and 2.1 nm. The cross data-point indicated at L = 800 nm and w = 1.84 nm corresponds 

to the mean value of the effective nanogap width extracted from fitting the experimental I-V 

characteristics of 40 tunnel CJs to the Simmons formula for electron tunneling.[25] The red, 

pink and blue areas in the graph indicate the design space for tunnel CJs, sub-10 nm CJs and 

above 10 nm CJs, respectively. SEM images accompanying the graph are top views of the 

devices. b) I-V plot featuring electron tunneling behavior, taken from the CJ shown in the 

SEM image in a) with w’=1.74 nm. The effective gap width w’ of 1.74 nm was derived by 

fitting an analytical curve based on the Simmons formula[25] to the experimental data. The 

inset reveals a close up of experimental and simulated curves plotted in the Fowler-Nordheim 

(F-N) representation, log(I/V2) versus 1/V. c) Perspective view SEM image of a 

100 x 100 μm2 area of an array of 756 densely packed electronic nanogaps, and close-up 

views of a section of the array and individual devices, respectively. For each nanogap of the 

array, the devised electrode contraction is either w = 4 nm (red), w = 7 nm (pink) or w =10 nm 

(blue). Scale bars a) 150 nm in the SEM image with the 50 nm wide CJ, 100 nm in the SEM 

image of the tunnel CJ, and 4 μm  in the SEM image with the electrode bridge, c) 10 μm in 

the overview SEM image and 100 nm in the inset. The SEM images of the three nanogaps 

were taken at the same magnification. 
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Cracks are propagating by successive breaking of interatomic bonds at the crack-tip. Owing to 

the nature of crack formation, cracked electrode surfaces exhibit corresponding matching 

topographies, which is a unique feature that cannot be accomplished in any other way and that 

facilitates realization of the nanometer-scale gaps presented here. In brittle poly-crystalline 

materials such as TiN, crack-propagation preferentially follows grain boundaries.[26] 

Intergranular fracture is further pronounced in CJs since the TiN film is mechanically 

detached from the substrate during the release etching. This effect has been reported 

elsewhere.[20] In crack-defined nanogaps, this effect induces local variations of the gap width 

that are geometrically predetermined by the local orientation of the crack along the grain 

boundaries, relative to the direction of the electrode contraction (see Supporting Information 

for geometrical considerations in CJs). As a consequence of the geometrical boundary 

conditions, the resulting effective gap width w’ is equal or smaller than the contraction w of 

the electrodes. This is in agreement with our observation that the extracted effective gap 

widths based on the I-V characteristics of the 100 characterized CJs, determined by the 

shortest distance between electrodes due to the exponential dependence of the tunneling 

current, are consistently smaller than the expected electrode contraction of w = 4 nm from the 

linear fitting curve for L = 800 nm, with 62 of the devices displaying estimated gap widths 

below 2.2 nm, and 31 of the devices displaying estimated effective gap widths between 2.2 

nm and 4 nm (the seven remaining CJs melted during voltage sweeping). To illustrate the 

scalability of the proposed method and its viability for realizing large-scale systems based on 

electronic nanogap devices, an array with 756 densely packed nanogaps has been 

implemented on a 100 x 100 µm2 chip area as illustrated in Figure 2c. Each nanogap in the 

array represents one of three different nanogap designs with electrode contractions of 

w = 4 nm (L = 800 nm), w = 7 nm (L = 1.7 μm) or w = 10 nm (L = 2.7 μm). SEM inspection 
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of the fabricated devices revealed that the yield of fracture of the 4 nm CJs was 100 %, and 

approximately 60 % for the 7 and 10 nm CJs. To further demonstrate the flexibility of our 

method, we have successfully realized a variety of electronic nanogap designs, including CJs 

with narrow necks and CJs with thin electrode layers (see Supporting Information for 

different CJ designs). 

In summary, electronic nanogaps have great utility for various scientific and technological 

applications,[1, 3-9] and our present work shows how electronic nanogaps with extreme 

geometries can be realized in a controlled and scalable manner that is viable for fabricating 

large numbers of nanogap devices on a substrate. Tunnel CJs with effective gap widths of less 

than 2 nm, matching TiN electrode surface topographies and gap-height to gap-width aspect-

ratios of > 20 have been realized repeatedly. The combination of scalability, design-

controllability and extreme geometries of crack-defined electronic nanogaps cannot be 

achieved with previously reported fabrication techniques. In the past, cracks have mainly been 

regarded as material failure and most related research has focused on how to prevent them.[26] 

However recent works also have explored cracks as a useful feature by utilizing them e.g., as 

a template for the growth of nanowires,[27] as transducers for ultrasensitive mechanical strain 

sensors,[28] as microfluidic channels,[29] or as a tool for pattern generation in silicon nitride 

layers and the underlying silicon substrate during layer deposition by utilizing the crystal 

orientation of the silicon substrate to guide the crack propagation.[30] In contrast to these 

works, the method presented here enables large-scale fabrication of nanogaps separating TiN 

electrodes, with gap widths that can be precisely controlled for each individual device on a 

substrate. The crack formation in the electrode film relies on residual tensile stress stored in 

the film, which can easily be tailored on a wafer by using film electrode and substrate 

materials with different CTEs and by adjusting the thin film deposition temperature. 

Furthermore, the electrode film has to be brittle during crack-formation, which is the case for 

metals featuring a body-centered cubic (bcc) structure at low temperature.[31] Thus, the 
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method described here can be extended to other classes of electrode materials featuring 

interesting mechanical, electronic, optical, superconducting or magnetic properties. For 

instance, amorphous (e.g. metallic glasses)[32] or single crystalline (e.g. strained 

semiconductors)[33] materials that are devoid of grain boundaries could be employed as 

electrode material. Thus, crack propagation along grain boundaries could be avoided, thereby 

forming smoother cracked electrode surfaces with even better control of the nanogap width. 

Furthermore, since all fabrication processes employed in the present work are compatible with 

pre-fabricated complementary metal-oxide-semiconductor (CMOS) wafers, crack-defined 

electronic nanogaps can be integrated with CMOS circuits, thereby providing a path towards 

complex heterogeneous systems.[34] These unique features make CJ devices interesting for a 

wide range of possible applications spanning several important scientific and technological 

areas, including quantum electronics, nanophotonics, plasmonics, nanopore sequencing, and 

molecular electronics and sensing, all of which appear to be promising areas for future 

research. 

 

 

Experimental Section  

A 525 µm-thick p-doped single crystalline silicon wafer (100) was used as substrate. A 500 

nm-thick silicon oxide layer (SiO2) was thermally grown on the silicon wafer by wet 

oxidation. Then, a 70 nm-thick layer of aluminum oxide (Al2O3) and a 70 nm-thick layer of 

titanium nitride (TiN) were deposited successively using atomic layer deposition (ALD) 

without breaking the vacuum in between the two deposition steps. The Al2O3 was deposited at 

a temperature of 200 °C in 700 cycles using trimethylaluminum (TMA, pulse time 70 ms, 

purge time 500ms) and water (H2O, pulse time 175 ms, purge time 750ms) as precursors. The 

TiN was deposited at a temperature of 350 °C in 2000 cycles using titanium tetrachloride 

(TiCl4, pulse time 150 ms, purge time 500ms) and ammonia (NH3, pulse time 1 s, purge time 

1 s) as precursors. The probing pads and notched electrode bridges were patterned in the TiN 
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film using a 180 nm thick e-beam lithography mask (positive resist, ZEP7000, Zeon 

Chemicals, Japan; exposed in a Raith e-beam system at 25 keV acceleration voltage with an 

area step size of 8 nm and area dose of 84 μAs/cm-2) in combination with an anisotropic 

plasma etch (Applied Materials Precision 5000 Etcher) at a chamber pressure of 200 mTorr 

and RF power of 600 W in a mixture of boron trichloride (BCl3) at 40 sccm flow, chlorine 

(Cl2) at 15 sccm flow, nitrogen (N2) at 15 sccm flow, and tetrafluoromethane/oxygen (CF4/O2) 

at 15 sccm flow. In all CJs presented in this paper, the notches have been designed as equilateral 

triangles. The resist mask was subsequently removed with a remover (Microposit remover 

1165) at 60 °C in an ultrasonic bath for 10 minutes. The critical dimensions used in the e-

beam lithography mask were 50 nm for the notches in the electrode bridges. Since such 

dimensions are achievable by state-of-the-art optical lithography systems,[35] the CJs can also 

be defined using standard high-throughput and wafer-level processes. The electrode bridges 

were released by sacrificial isotropic etching of the Al2O3 layer in a KOH bath at room 

temperature for 20 min. Thereafter the devices were dried using a critical point dryer (BalTec 

CPD 408), thus preventing stiction of the suspended electrodes to the substrate by avoiding 

liquid-air interfaces in the drying process. To obtain a high-quality SEM image, the nanogap 

device shown in Figure 1c and d was made using a 100 nm-thick layer of TiN also deposited 

with ALD. In this device a 5 µm-thick layer of thermally grown SiO2 was used as sacrificial 

material. The sacrificial etching step was done in buffered hydrofluoric acid (BHF). 
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Supporting Information is available from the Wiley Online Library or from the author. 
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ToC: Achieving near atomic-scale nanogaps in a reliable and scalable manner will facilitate 

fundamental advances in molecular detection, plasmonics and nanoelectronics. Here we show 

a method for realizing crack-defined nanogaps separating TiN electrodes, allowing parallel 

and scalable fabrication of arrays of sub-10 nm electronic nanogaps featuring individually 

defined gapwidths. 
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Overview of electronic nanogap applications 

Electronic nanogaps feature rich physics and are fundamental building blocks in a wide range 

of application areas as depicted in Figure S1. Nanogap applications can be divided into: 

(i) applications using electron transport mechanisms (see Figure S1a) such as tunnel junctions 

and Josephson junctions if superconductive electrodes are employed; (ii) applications using 

strong light-matter interactions (see Figure S1b) such as plasmonic biosensors; 

(iii) applications using mechanical tuning of the nanogap width (see Figure S1c) such as 

nanoelectromechanical switches and mechanically tunable nanophotonics and; 

(iv) applications using magnetic interactions by employing magnetic electrodes (see Figure 

S1d) such as fundamental scientific studies. One important advantage of free-space nanogaps 

between electrode surfaces, as opposed to electrodes separated by an insulating solid-state 

material, is that nano-objects such as molecules can be introduced inside the nanogap. This 

facilitates investigations of electron transport mechanisms and light-matter interactions in a 

large variety of configurations. 
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Figure S1. Schematics illustrating the wide range of applications of electronic nanogaps.  (a) 

Nanogaps utilizing electron transport mechanisms. (b) Nanogaps utilizing strong light-matter 

interactions. (c) Nanogaps utilizing mechanical tuning. (d) Nanogaps utilizing magnetic 

interactions. 

 

 

Overview of major electronic nanogap fabrication techniques 

Scanning tunneling microscopy (STM) remains a preferred platform for the study of 

fundamental atomic-scale charge transport phenomena and electromagnetic field effects.[36] 

However, it is very challenging to integrate a large number of STM tips on a chip and use the 

individual tips to perform atomic-scale functions within a complex system. On-chip integrated 

electronic nanogaps are a promising alternative to study and utilize the atomic-scale effects 

described in Figure S1. A number of fabrication techniques to realize electronic nanogaps are 

available and Figure S2b-e provides a comparison of common approaches with their 

advantages and limitations. None of the previously reported techniques, however, can achieve 
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the scalability and extreme geometries obtainable in crack-defined electronic nanogaps as 

depicted in Figure S2a. For instance, Figure S2b illustrates the break junction (BJ) 

approach,[19] which can generate individual, atomically sharp electrode tips with sub-1 nm 

separations. BJs are formed either by applying a mechanical force to a substrate, e.g. by using 

a piezo-motor to bend the substrate and pull ductile electrodes apart until breaking, by 

electromigration that is utilizing the force from the flow of electrons to displace atoms out of 

a constriction in an electrode bridge until a BJ is formed, or by FIB milling to induce grain 

boundary BJs.[20] Control of the inter-electrode spacing in BJs is achieved by mechanical 

bending of the entire substrate, resulting in precise displacements of the electrodes. While BJs 

are interesting from many respects, only a few BJs can be simultaneously fabricated on a 

substrate, thereby rendering them unsuitable for applications requiring a larger number of BJs 

on a chip, such as complex molecular electronic circuits. Figure S2c illustrates the nanogap 

fabrication approach using masking layers in combination with etching processes. The 

dimensions and shape of the nanogap and electrodes are defined in a masking layer on top of 

the electrode layer, which is then used to pattern the electrode layer by anisotropic etching. 

Therefore, the masking layer must resolve accurately the nano-scale features defining the 

nanogap, which is technologically very challenging for sub-10 nm dimensions.[37] The pattern 

transfer by etching further deteriorates the precision of the features and severely limits the 

obtainable gap-height to gap-width aspect-ratios. Figure S2d illustrates nanogap fabrication 

approaches using sacrificial spacer layers to define gap widths.[8, 11] In these methods, a thin 

sacrificial spacer layer is deposited on top of an electrode. Next, the second electrode is 

deposited and patterned. Finally, the spacer layer is sacrificially removed using isotropic 

chemical etching to form a nanogap separating the electrodes. The width of the nanogap is 

defined by the thickness of the sacrificial layer, which can be controlled very accurately. 

However, this approach is not suitable for fabricating several nanogaps with different gap 

widths on a substrate. Furthermore, the need for etching the sacrificial layer inside extremely 
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narrow nanogaps is limiting the obtainable gap-height to gap-width aspect-ratios and bears 

risks for etch-residues to contaminate the electrode surfaces. Such etch-residues can 

significantly affect the electrical or optical properties of a nanogap, especially in sub-10 nm 

wide gaps where the dimension is counted in a few tens of atoms. Figure 2e illustrates 

nanogap fabrication approaches using material growth that is narrowing existing gaps. 

Therefore, a comparably wide gap is formed, e.g. by lithographic patterning. This gap is then 

narrowed down by depositing additional electrode material. Suitable deposition processes 

include chemical and electrochemical deposition, and shadow mask evaporation.[12] When 

using deposition processes such as electroplating to realize sub-10 nm wide gaps, the gap 

width of each individual nanogap device has to be monitored by continuous electrical 

feedback during the deposition processes, which severely limits the scalability of these 

approaches. When using deposition processes such as oblique evaporation with shadow masks, 

the process and geometry control is extremely challenging and the reproducibility and 

achievable yield is limited.  
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Figure S2. Comparison of major electronic nanogap fabrication techniques. a) Crack-defined 

nanogaps described in the present paper (present work). b) Break-junction approach.[19] c) 

Nanogap fabrication approach using a masking layer in combination with etching 

processes.[10] d) Nanogap fabrication approach using a sacrificial spacer layer to define gap 

widths.[8, 11] e) Nanogap fabrication approach using material growth to narrow existing 

gaps.[12, 13] In all cases, the upper top view images show the corresponding electrode surface 

topographies after nanogap formation (left) and a situation in which the two electrode surfaces 

are brought in close proximity (right). This is to illustrate the impact of the electrode surface 

roughness in nanogaps, which is of particular importance for sub-10 nm gaps. The term 

“wafer-scale compatible” means that the fabrication technique is compatible with wafer-scale 

processing and suitable for large-scale integration of devices. The term “aspect-ratio” refers 

to the gap-height to gap-width aspect-ratio. 
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Details of device characterization and modeling 

The crack-junction (CJ) devices characterized in this work were probed electrically using 

tungsten carbide tips on a semi-automatic Cascade Microtech 12000 shielded wafer prober 

with a Temptronics Thermal Chuck covering a temperature range from -70 °C to +200 °C. A 

Keithley SCS 4200 parameter analyzer and two high-resolution Source Measure Units (SMU) 

combined with low noise pre-amplifiers were connected to the probe-tips. The sample area of 

the shielded probe station was continuously purged with nitrogen gas in all experiments. To 

minimize exposure of the cracked electrode surfaces to air, the electrical device 

characterization was performed directly after the crack-formation. The devices were exposed 

to air for about 10 min during transport from the critical point dryer to the probe station. After 

electrical characterization, the chips were stored in a low-vacuum desiccator until transferred 

to a scanning electron microscope (SEM) for visual inspection. All characterization data and 

graphs presented in this work are based on the raw output data from the parameter analyzer. 

No post-measurement data processing was applied. An I-V measurement typically consisted 

of a 202 point dual sweep (e.g. from 0 V to 2 V and back to 0 V) with a current limitation 

from 10 nA to 50 nA to reduce the impact of joule heating on the device. The observed noise 

level was on the order of tens to hundreds of fA. The cross data-point shown in Figure 2a is 

based on tunnel CJs that were formed by designing the lengths of the suspended electrode 

bridge to be L = 800 nm. In total, 100 identical CJ devices have been fabricated and 

characterized. All 100 devices were located on the same chip. Of the 100 devices, 40 

displayed tunneling behavior, which were then fitted with the Simmons formula.[25] We 

considered the barrier as vacuum and included the image force. The fitting was performed 

using non-linear least squares on two variables: the barrier width (corresponding to the 

effective gap width of the CJ) and work function. The fitting of the work function was 

constrained between 3.5 and 5 eV. The tunneling cross-section was set constant at 1 x 10-
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10 cm2 (≈70 x 150 nm2). The tunnel CJ shown in the SEM image in Figure 2a features the I-V 

characteristics plotted in Figure 2b. In this case, the fitted work function was found to be 4.7 

eV. After electrical characterization, SEM images of all 100 CJ devices were taken. The 

fracture yield of these devices was 100 %, i.e. all devices cracked and all cracks formed at the 

intended places at the notches. For reference, we also included 8 devices that featured a 

design identical to the CJs, but without notches at the electrode bridges. None of these 

reference devices cracked. Among the 100 characterized devices:  

• 22 CJs displayed low resistance (below 1 MΩ) conduction mechanisms and the current 

compliance of 10 nA was reached at voltages below 0.01 V (Figure S3a shows a SEM 

image of a representative CJ device). These devices feature effective nanogap widths 

of below 1.3 nm, or contacting electrodes. 

• 40 CJs displayed both direct and/or field emission tunneling while sweeping from 0 to 

1 V (Figure S3b shows a SEM image of a representative CJ device). These devices 

feature effective nanogap widths of between 1.3 and 2.2 nm. The electrical 

characteristics of a representative tunnel CJ are shown in Figure 2b. 

• 31 CJs displayed no detectable current conduction at voltages below 1 V (Figure S3c 

shows a SEM image of a representative CJ device). These devices feature effective 

nanogap widths of above 2.2 nm. The estimated upper value for the nanogap widths is 

4 nm, which would correspond to an ideal, atomically flat crack normal to the 

direction of contraction of the electrodes. 

• 7 CJs melted during voltage sweeping (Figure S3d shows a SEM image of a melted CJ 

device). For these devices, the data acquisition started normally and showed direct 

tunneling and field emission conduction, until the current reached the 10 nA 

compliance, when Joule heating caused them to melt. Because of the melting, we 

could not observe directly from the SEM images whether these devices cracked after 

release-etching. However, considering the tunneling characteristics these devices 
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displayed during electrical probing, it is very likely that all these devices did crack 

during release-etching. 

I-V measurements on the 40 tunnel CJs lasted between 1 and 10 minutes per device, 

depending on the current level. The measurement signal was very stable at low voltage bias, 

featuring linear relationship between current and voltage as expected from a direct tunneling 

transport mechanism for electrons (see Figure S4a). In the field emission tunneling region, 

above approximately 0.5 V, the I-V traces were typically less smooth and in some tunnel CJ 

devices abrupt conductance jumps occurred randomly. Figure S4b shows examples of such 

conductance jumps in two successive dual sweep measurements. In this case, the conductance 

jumps occurred in both sweeps upon increasing the bias voltage, while the current limitation 

was set at 50 nA. After a conductance jump occurs, the trace of the I-V plot follows a new 

path determined by the new conductance state of the tunnel CJ. Conductance jumps also 

noticeably affect the decay constants in F-N tunneling. We hypothesize that the abrupt 

conductance jumps in the I-V measurements originate from atomic rearrangements in 

tunneling regions of the electrode surfaces, which could result from high electric fields, high 

temperature or atomic relaxation effects. Such atomic rearrangements can explain the 

observed discrete and permanent increases or decreases of the tunneling distance. Controlled 

changes in the conductance state of tunnel junctions has potential applications e.g., for 

switches or memory devices based on nanogaps.[38] 

For the seven round data-points in Figure 2a, the electrode contraction w and the length L of 

the suspended electrode bridge was measured by SEM imaging, performed on 63 CJ devices 

comprising seven device designs with different lengths L. The error bars in Figure 2a 

represent the minimum and maximum measured values of w for the devices with identical L.  

It should be noted that the measurement of the gap width by SEM imaging provides 

information of the averaged width of a gap, while the measured tunneling current is 
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determined by the shortest distance between the two electrode surfaces, due to the exponential 

dependence of the tunneling current on the electrode distance. 

The red line in Figure 2a is the linear regression of the experimental data points relating w and 

L. It can be seen that the linear regression does not cross exactly the origin of the graph, but 

crosses the y-axis at w = 1.66 nm. This offset is likely due to a contribution to the electrode 

contraction w from the regions in which the electrodes are anchored to the sacrificial layer. 

These regions have different constrains than the suspended electrode cantilevers and thus, 

contract to a different extent. 

 

 

Figure S3. Top view SEM images of electrically probed CJ devices. a) CJ displaying low 

resistance conduction. b) CJ displaying direct and/or field emission tunneling conduction. c) 

CJ displaying no detectable current conduction at voltages below 1 V. d) CJ that initially 

displayed tunneling conduction but melted while a current compliance of 10 nA was reached. 

The scale bar shown in a) corresponds to 100 nm and is the same for all four SEM images. 

 

 

 

 

 
Figure S4. Electrical characterization of tunnel CJs. a) Dual sweep I-V measurement showing 

linear I-V characteristics at low bias voltage in direct tunneling operation of a tunnel CJ. 

Increasing and decreasing traces are almost identical (no hysteresis), and the positive and 
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negative traces are symmetric to the origin. b) Two successive dual sweep measurements in a 

different tunnel CJ. The red trace displays an anti-clockwise hysteresis due to a conductance 

jump at 1.75 V, while the blue trace displays a clockwise hysteresis due to a conductance 

jump at 0.8 V. 

 

Geometrical considerations in CJs 

In poly-crystalline titanium nitride (TiN), cracks propagate preferentially along grain 

boundaries. Thus, when crack-defined electronic nanogaps are formed in poly-crystalline TiN 

films, the resulting electrode surfaces feature jagged surface topographies as illustrated in 

Figure S5. In a first order approximation, the nanogap width is defined here by the contraction 

w = σ/E  * L of the fractured electrodes. However, due to the topographies of the cracked 

electrode surfaces, the nanogap width is not uniform over the electrode area. Upon crack-

formation, a point A that is placed exactly at the crack-line is split in two corresponding 

points A1 and A2 placed at the two electrode surfaces. Due to the contraction of the 

electrodes, the two corresponding points are then displaced from each other by the distance w, 

in the direction parallel to the contracting electrodes, as illustrated in Figure S5. The two 

black arrows indicate the direction of displacement. The displacement of the corresponding 

points on the two electrode surfaces is w. However, depending on the local orientation of the 

crack with respect to the direction of the electrode contraction, the real distance between the 

two electrode surfaces is smaller than w (e.g. A1-A3 in Figure S5). This effect can be 

particularly significant if the grain size in the electrode material is on the same order as w. 

This is consistent with our measurement data displayed in Figure 2a (data-point indicated by a 

cross), where the extracted effective gap widths w’ of the tunnel CJs are consistently smaller 

than w, as determined by the lengths L of the suspended electrode bridges. An important 

feature of crack-defined electronic nanogaps is that the electrodes are delimited by 

corresponding surfaces with perfectly matching surface topographies as can be seen in Figure 

S5. This is a unique feature of crack-defined electronic nanogaps. One of the consequences of 
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the matching electrode surfaces is a significantly reduced risk for unwanted electrical contact 

between the electrodes after crack-formation, even at very small w. This is because a 

protrusion in one electrode surface is necessarily mirrored by a recess in the second electrode 

surface. Matching electrode surface topographies are also interesting for 

nanoelectromechanical switches where the electrical switch contact should ideally be a 

surface contact (see Figure S2a, top view) as opposed to a point contact. Surface contacts 

between hard electrode materials could potentially lead to significantly improved electrical 

contact reliability, a long-sought attribute for nanoelectromechanical switches.[8, 10] 

 

 
Figure S5. Schematic top view of a crack-defined nanogap in a poly-crystalline TiN film. In 

poly-crystalline materials, cracks typically propagate along grain boundaries. Upon crack-

formation, a point placed at the crack-line is separated in two corresponding points (A1 and 

A2) that are subsequently displaced by the distance w in direction of the electrode contraction 

(black arrows). However, since the local orientation of the crack-line is not necessarily 

perpendicular to the direction of the electrode contraction, the resulting local distance between 

the electrode surfaces (e.g. A1 and A3) is shorter than w. 

 

Different CJ designs 

Figure S6 displays two different CJ designs: (i) A CJ with a narrow neck, i.e. a gap length of 

l = 60 nm, is shown in Figure S6a. The smallest possible nanogap length in CJs in principle 

only limited by the resolution of the available thin film patterning technique. (ii) A CJ with a 

thin TiN electrode is shown in Figure S6b. Possible electrode thicknesses in CJs could 
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potentially be as thin as a few nanometers, with potential applications in molecular electronics 

or nanopore DNA sequencing.  

 

 
Figure S6. SEM images with top view of different CJ designs. a) CJ featuring a 60 nm-wide 

neck and a sub-10 nm gap. b) CJ made of thin TiN electrodes, featuring a 20 nm-wide gap. 

Scale bars a) 50 nm, b) 100 nm. 
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