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Electron Beam Lithography on Non-planar, Suspended, 3D AFM Cantilever for Nanoscale Thermal Probing

Electron beam lithography (EBL) on non-planar, suspended, curved or bent surfaces is still one of the most frequently stated problems for fabricating novel and innovative nano-devices and sensors for future technologies. Although spin coating is the most widespread technique for electron resist (e-resist) deposition on 2D or flat surfaces, it is inadequate for suspended and 3D architectures because of its lack of uniformity. In this work, we use a thermally evaporated electron sensitive resist the QSR-5 and study its sensitivity and contrast behaviour using EBL. We show the feasibility of utilizing the resist for patterning objects on non-planar, suspended structures via EBL and dry etching processes. We demonstrate the integration of metal or any kind of thin films at the apex of an atomic force microscopy (AFM) tip. This is showing the great potential of this technology in various fields, such as magnetism, electronic, photonics, phononics and other fields related to near field microscopy using AFM probe like for instance scanning thermal microscopy.

INTRODUCTION

Fields of energy [START_REF] Zardo | Manipulating phonons at the nanoscale: Impurities and boundaries[END_REF][START_REF] Tainoff | Network of thermoelectric nanogenerators for low power energy harvesting[END_REF][START_REF] Singhal | Nanowire forest of pnictogen-chalcogenide alloys for thermoelectricity[END_REF], micro-and nano-electronics [START_REF] Pop | Energy dissipation and transport in nanoscale devices[END_REF], fundamental study of quantum effects [START_REF] Tavakoli | Heat conduction measurements in ballistic 1d phonon waveguides indicate breakdown of the thermal conductance quantization[END_REF] and lab-on-chip technologies [START_REF] Consales | Lab-on-fiber technology: toward multifunctional optical nanoprobes[END_REF] require innovative and effective nanofabrication strategies. Electron beam lithography (EBL) [START_REF] Grigorescu | Resists for sub-20-nm electron beam lithography with a focus on hsq: state of the art[END_REF] is the most widely employed method in the growth of novel technologies for research and development as well as for prototyping devices at the nanoscale. The ongoing trend in nanotechnology of fabricating nanostructures on non-planar 3D architectures has shown significant potential in various fields. Wellknown examples are magnetic force microscopy [START_REF] Zhou | Lithographically defined nano and micro sensors using "float coating" of resist and electron beam lithography[END_REF][START_REF] Sarajlic | Batch fabrication of scanning microscopy probes for thermal and magnetic imaging using standard micromachining[END_REF], tip-enhanced Raman spectroscopy [START_REF] Yeo | Tip-enhanced raman spectroscopyits status, challenges and future directions[END_REF], near-field optical focusing [START_REF] Johnson | Highly reproducible near-field optical imaging with sub-20-nm resolution based on template-stripped gold pyramids[END_REF], scanning single-electron transistor microscopy [START_REF] Martin | Observation of electron-hole puddles in graphene using a scanning single-electron transistor[END_REF] and scanning thermal microscopy (SThM) [START_REF] Majumdar | Scanning thermal microscopy[END_REF][START_REF] Edinger | Novel high resolution scanning thermal probe[END_REF][START_REF] Lefevre | Thermal conductivity calibration for hot wire based dc scanning thermal microscopy[END_REF][START_REF] Dobson | New methods for calibrated scanning thermal microscopy (sthm)[END_REF][START_REF] Kim | Ultra-high vacuum scanning thermal microscopy for nanometer resolution quantitative thermometry[END_REF][START_REF] Pumarol | Direct nanoscale imaging of ballistic and diffusive thermal transport in graphene nanostructures[END_REF][START_REF] Gomès | Scanning thermal microscopy: A review[END_REF][START_REF] Bodzenta | Quantitative thermal microscopy measurement with thermal probe driven by dc+ ac current[END_REF][START_REF] Mosso | Heat transport through atomic contacts[END_REF][START_REF] Cui | Quantized thermal transport in single-atom junctions[END_REF][START_REF] Massoud | Nativeoxide limited cross-plane thermal transport in suspended silicon membranes revealed by scanning thermal microscopy[END_REF][START_REF] Zhang | A review on principles and applications of scanning thermal microscopy (sthm)[END_REF][START_REF] Pernot | Frequency domain analysis of 3ω-scanning thermal microscope probe-application to tip/surface thermal interface measurements in vacuum environment[END_REF] that demand nanofabrication on 3D AFM probes. Recently, a considerable amount of literature has been published on EBL for creating nanostructures on irregular surfaces [START_REF] Yamazaki | Electron beam lithography on vertical side faces of micrometer-order si block[END_REF][START_REF] Linden | Spray coating of pmma for pattern transfer via electron beam lithography on surfaces with high topography[END_REF][START_REF] Peterson | Langmuir-blodgett electron-beam resists[END_REF][START_REF] Dey | Electron beam lithography on irregular surface using grafted pmma monolayer as resist[END_REF][START_REF] Yamada | Single layer surface-grafted pmma as a negative-tone e-beam resist[END_REF][START_REF] Aydinoglu | Grafted polystyrene monolayer brush as both negative and positive tone electron beam resist[END_REF][START_REF] Glass | Micronanostructured interfaces fabricated by the use of inorganic block copolymer micellar monolayers as negative resist for electron-beam lithography[END_REF][START_REF] King | Nanometer patterning with ice[END_REF][START_REF] Han | Ice lithography for nanodevices[END_REF][START_REF] Han | Nanopatterning on nonplanar and fragile substrates with ice resists[END_REF][START_REF] Zhao | Ice lithography for 3d nanofabrication[END_REF][START_REF] Zhang | Electron beam lithography on irregular surfaces using an evaporated resist[END_REF][START_REF] Zharik | Nanometer scale lithography with evaporated polystyrene[END_REF]. However, it is still very challenging to perform EBL on non-planar, 3D architectures because of the lack of uniformity and reproducibility of electron sensitive resist (e-resist) films on the substrates.

Spin coating is the most widely used method for resist deposition to structure materials and devices in scientific laboratories, as well as in the micro-and nano-electronics industry.

One of the key issue of this method is its inhomogeneities of film thickness on non-planar, suspended, and 3D substrates, which is due to the presence of edge-bead effects. On the contrary, it has been reported that e-resist with low-viscosity and low-surface-tension can be coated on non-planar surfaces [START_REF] Yamazaki | Electron beam lithography on vertical side faces of micrometer-order si block[END_REF] by spin coating. Besides spin coating, various other methods have been demonstrated to deposit resist films on non-planar surfaces such as spray coating [START_REF] Linden | Spray coating of pmma for pattern transfer via electron beam lithography on surfaces with high topography[END_REF], Langmuir-Blodgett (LB) technique [START_REF] Peterson | Langmuir-blodgett electron-beam resists[END_REF], float coating [START_REF] Zhou | Lithographically defined nano and micro sensors using "float coating" of resist and electron beam lithography[END_REF], monolayer brush [START_REF] Dey | Electron beam lithography on irregular surface using grafted pmma monolayer as resist[END_REF][START_REF] Yamada | Single layer surface-grafted pmma as a negative-tone e-beam resist[END_REF][START_REF] Aydinoglu | Grafted polystyrene monolayer brush as both negative and positive tone electron beam resist[END_REF], dip coating [START_REF] Yamada | Single layer surface-grafted pmma as a negative-tone e-beam resist[END_REF][START_REF] Glass | Micronanostructured interfaces fabricated by the use of inorganic block copolymer micellar monolayers as negative resist for electron-beam lithography[END_REF] and ice lithography (IL) [START_REF] King | Nanometer patterning with ice[END_REF][START_REF] Han | Ice lithography for nanodevices[END_REF][START_REF] Han | Nanopatterning on nonplanar and fragile substrates with ice resists[END_REF][START_REF] Zhao | Ice lithography for 3d nanofabrication[END_REF]. However, most of these methods exhibit some major issues such as non-uniformity, ultra thin-films, reproducibility and extremely low sensitivity.

Therefore, in this work, we used a vacuum based thermal evaporation system [START_REF] Lavallee | Evaporated electron beam sensitive organic resist for the back-patterning of x-ray lithography masks[END_REF] to deposit the QuantiScript 5 (QSR-5) e-resist, a negative resist where the cross-linking is activated by the energy of the electron beam. To date, the thermal evaporation method is the most efficient way for coating a uniform layer of resist on non-planar, bent, suspended, irregular surfaces or 3D architectures [START_REF] Zhang | Electron beam lithography on irregular surfaces using an evaporated resist[END_REF][START_REF] Zharik | Nanometer scale lithography with evaporated polystyrene[END_REF][START_REF] Ma | Polystyrene negative resist for high-resolution electron beam lithography[END_REF]. We first calibrate the deposition for the QSR-5 resist on planar and non-planar substrates. Then we perform the state-of-the-art EBL and show that lines structures with spatial resolution of 100 nm can be readily made on a regular flat surface. Moreover, we study the impact of developers on the electron exposure dose during the lithographic process using QSR-5D2 and methyl ethyl ketone (MEK) developers. We then apply this process on a highly non-planar geometry, namely a 3D AFM probe consisting of a cantilever whose tip is surmounted by a hollow pyramid 3 µm in height. We pattern 800 nm wide gold strips on a pyramid-shaped AFM tip. Finally, we demonstrate the integration of niobium nitride (NbN) resistive thermometer thin film at the apex of a 3D AFM tip and gold thin film on the cantilever dedicated to advanced near field microscopy for nanoscale thermal measurements.

METHODS

The aim of the present work is to demonstrate patterning of thin film on non-planar suspended 3D architectures by employing unconventional nanofabrication strategies. The ultimate scientific goal is to pattern thin film of resistive materials on an AFM cantilever that will serve as thermometer for scanning thermal microscopy, a well-known near field microscopy technique for mapping temperature or thermal conductivity at sub-50 nm spatial resolution [START_REF] Majumdar | Scanning thermal microscopy[END_REF][START_REF] Edinger | Novel high resolution scanning thermal probe[END_REF][START_REF] Lefevre | Thermal conductivity calibration for hot wire based dc scanning thermal microscopy[END_REF][START_REF] Dobson | New methods for calibrated scanning thermal microscopy (sthm)[END_REF][START_REF] Kim | Ultra-high vacuum scanning thermal microscopy for nanometer resolution quantitative thermometry[END_REF][START_REF] Pumarol | Direct nanoscale imaging of ballistic and diffusive thermal transport in graphene nanostructures[END_REF][START_REF] Gomès | Scanning thermal microscopy: A review[END_REF][START_REF] Bodzenta | Quantitative thermal microscopy measurement with thermal probe driven by dc+ ac current[END_REF][START_REF] Mosso | Heat transport through atomic contacts[END_REF][START_REF] Cui | Quantized thermal transport in single-atom junctions[END_REF][START_REF] Massoud | Nativeoxide limited cross-plane thermal transport in suspended silicon membranes revealed by scanning thermal microscopy[END_REF][START_REF] Zhang | A review on principles and applications of scanning thermal microscopy (sthm)[END_REF][START_REF] Pernot | Frequency domain analysis of 3ω-scanning thermal microscope probe-application to tip/surface thermal interface measurements in vacuum environment[END_REF][START_REF] Shi | Design and batch fabrication of probes for sub-100 nm scanning thermal microscopy[END_REF].

In that respect, we use commercial SiN AFM probes OTR8-10 having low thermal conductivity and electrical insulating properties perfectly adapted for fabricating a highly sensitive probe of temperature, as can be seen from Figure 1 [42]. These probes have triangular-shaped cantilevers and pyramidal-shaped tips with a tip height of 2.5 to 3.5µm.

The length and width of these cantilevers are in microns and apex of the tip has a radius of curvature about 15 nm. To structure a thin film on a non-planar 3D surface like an AFM probe, we used a process based on electron sensitive QSR-5 resist that can be thermally evaporated on suspended structures along with state-of-the-art nano-structuration techniques including EBL, sputtering and dry etching processes tools such as reactive ion etching (RIE) and physical ion beam etching (IBE).

In this work, we use the QSR-5 negative e-beam sensitive resist that can be thermally evaporated on suspended structures for two main reasons 1-the resist can be deposited without spinning process making it perfectly adpated for very small samples and 2-using evaporated e-beam resist avoids having edge bead effects, detrimental to the quality of the electron beam lithography. The QSR-5 is composed of a powder of sterol chain, very stable at room temperature, having a melting point above 100˚C perfectly appropriate to vapour deposition onto a target substrate. When exposed to electron beam energy sources, double bonds between carbon atoms in cyclic structure sterols are broken down allowing cross link reaction [START_REF] Legario | Nano patterning on fragile or 3D surfaces with sterol based vapour deposited electron beam resist[END_REF]. The exposed part of the QSR-5 will remain as the non-exposed part will be washed out by the developer such as QSR-5D2 and MEK.

We first study the properties of the thermally evaporated QSR-5 e-resist on planar substrates. This includes probing the effect of surface roughness, sensitivity, contrast of the resist along with the investigation of the impact of the various resist developers on the optimal electron exposure dose to be used during a lithography process.

The deposition of QSR-5 e-resist is performed using a thermal evaporator based on Joule effect with an initial base chamber pressure of 2×10 -7 mbar as shown in Figure 2. During the deposition, the temperature of the molybdenum crucible (see Figure 2(b)) containing the QSR-5 powder is increased gradually up to 130 • C until the desired evaporation rate of 1 • A.s -1 is achieved. After the deposition of resist, the sample is covered in aluminium foil for 24 hours to ensure adequate adhesion. Note that to obtain a high quality resist film, low base pressure and low evaporation rate are required. Figure 3 (a) and (b) represents the AFM and SEM images of evaporated QSR-5 resist film on a commercially polished SiN (100 nm) film on bulk Si substrate. A microscopic rice grain structure is observed with a mean roughness of 15 nm, measured by AFM. However, this granular structure and high roughness of the resist film does not play a critical role in the patterning of QSR-5 resist, as it can been seen from the 3D topographic AFM image in Figure 3 (c) showing that clean lines of width 0.5 µm can be structured using electron beam lithography.

To assess the sensitivity and contrast behaviour of the QSR-5 resist, EBL is carried out using a LEO-1530 field emission SEM system. The arrays of lines (length×width: 20 µm×(50 to 500 nm)) are exposed at an accelerating voltage of 5 keV with an electron dose range of 1 to 3000 µC.cm -2 on e-resist grafted on different surfaces, including e-gun evaporated Au film and commercial SiN substrate. The exposed samples are developed by immersion, either in QSR-5D2 developer for 12 minutes or MEK for 1.5 minutes at 30 • C. Afterwards, the mean remaining thickness of the exposed resist is estimated. In order to do so, the height difference between the unexposed and exposed area is measured using AFM, and the subtraction between them provides the remaining resist thickness (see Figure 3(c)). The topographic AFM images and corresponding height profiles of patterned QSR-5 resist on Au and SiN surfaces are represented in Figure 4 (a). The exposure dose used to create these patterns is kept constant for each set, while the width of rectangles is increased from 50 nm to 500 nm (right to left). From the topography images and profile of resist in Figure 4(a) (1-4), it is apparent that the rightmost patterns of width 50 nm are barely visible. are developed in QSR-5D2 and MEK. D 0 is the maximum electron dose at which the resist does not exposed and D 100 is the minimum dose to fully (100 %) exposed the resist (over all the thickness). and 2.86 respectively. In the case of resist grafted on SiN surface, the contrast is 0.96 for QSR-5D2 and 1.69 for MEK developer. Higher doses are requireed when working on SiN as compared to Au because the atomic number and the density of SiN is much smaller than for Au. Indeed, from SiN surfaces less electrons will be backscattered in the resist as compared to Au surface reducing the exposure of the resist to electrons.

From the graph of Figure 4 (b) and (c), it is interesting to note that the contrast as well as the sensitivity of the resist are depending on the way the surfaces are grafted. The optimized electron dose to expose the resist on Au and SiN surfaces are found to be 230 and 600 µC.cm -2 respectively. In addition, the contrast tends to be higher in MEK developer because of the short development time, while the sensitivity of the resist is better in QSR-5D2 developer. These results are consistent with those of previous studies [START_REF] Lavallee | Evaporated electron beam sensitive organic resist for the back-patterning of x-ray lithography masks[END_REF][START_REF] Kelkar | Nano patterning on optical fiber and laser diode facet with dry resist[END_REF][START_REF] Gerbedoen | All evaporation submicron lift-off lithography process with negative e-beam qsr-5 resist[END_REF].

Furthermore, the sensitivity obtained for QSR-5 is relativity higher compared to most of the other e-resists that have been used for nanofabrication on unconventional surfaces [START_REF] King | Nanometer patterning with ice[END_REF][START_REF] Han | Ice lithography for nanodevices[END_REF][START_REF] Han | Nanopatterning on nonplanar and fragile substrates with ice resists[END_REF][START_REF] Zhao | Ice lithography for 3d nanofabrication[END_REF][START_REF] Zhang | Electron beam lithography on irregular surfaces using an evaporated resist[END_REF].

RESULTS AND DISCUSSION

Mastering this QSR-5 electron sensitive negative resist allows performing micro and nanofabrication on suspended cantilever. We now show the integration of metallic films on suspended, non-planar AFM probe based on using the QSR-5 resist. It consists of several major steps such as thin film deposition, dry etching by reactive ion etching and ion beam etching, electron resists deposition, and electron beam lithography. The detailed description of the fabrication process is illustrated in Figure 5 (a) to (e).

The first step in this process is to install the AFM probe on a specific metal holder and fixed with a clamp to avoid electrical drift during the EBL. Thin films of titanium (Ti) and gold (Au) are deposited with thicknesses of 5 and 50 nm respectively using an electron gun evaporator. Gold was chosen to create electrical leads because of its excellent corrosion resistance and high electrical conductivity, and titanium film is used as an adhesion layer. Afterwards, QSR-5 e-resist is thermally evaporated at a chamber pressure of 2 ×10 -7 mbar.

Next, the electron exposure of a 800 nm wide strip is done on a pyramidal-shaped AFM tip with an accelerating voltage of 5 keV and an optimal dose of 400 µC.cm -2 . The e-beam lithography is done using a diaphragm aperture of 7.5 µm, a working distance of 8 µm giving a depth of focus larger than 10 µm, largely enough to expose non-planar surface like the pyramid of the tip of height 3 µm. Afterwards, the development is performed in QSR-5D2 developer. Since the dose required for complete exposure of the resist is about six times less as compared to MEK (as shown in Figure 4 (b)), this will help to expose the large area of the electrical pads dedicated to microbonding (as drawn in Figure 6 (d)). Then, the obtained patterns of resist are used as a hard mask for dry etching of Ti/Au using IBE. The ion etching is carried out at a power of 400 W in Ar atmosphere with a pressure of 0.1 mTorr to remove Ti/Au layers from the unexposed area during the EBL. Finally, O 2 plasma is used to clean the resist residues from the AFM probe for two minutes. of Ti/Au film on the non-planar 3D AFM probe with a height of 3 µm via EBL and etching process only. The small protrusion on the apex of the tip comes from bigger rice grain structures (Figure 3 (a)) of QSR-5 that grow on the apex of the tip; this may sometimes affect the spatial resolution of the ecthing process at the apex. To avoid such tip effect due to the QSR-5 growth, EBL on the face of the pyramid will be preferred.

Next, the targeted application of our fabrication process is to integrate a niobium nitride resistive thermometer close to the apex of the AFM tip for scanning thermal measurements. As a temperature sensitive material, NbN thin films have been widely used for high-resolution temperature and thermal measurements over a broad temperature range from sub-Kelvin temperature in a dilution refrigerator to room temperature especially for suspended systems [START_REF] Tavakoli | Heat conduction measurements in ballistic 1d phonon waveguides indicate breakdown of the thermal conductance quantization[END_REF][START_REF] Bourgeois | Liquid nitrogen to room-temperature thermometry using niobium nitride thin films[END_REF][START_REF] Heron | Mesoscopic size effects on the thermal conductance of silicon nanowire[END_REF][START_REF] Dechaumphai | Sub-picowatt resolution calorimetry with niobium nitride thinfilm thermometer[END_REF][START_REF] Ftouni | Thermal conductivity of silicon nitride membranes is not sensitive to stress[END_REF][START_REF] Nguyen | Niobium nitride thin films for very low temperature resistive thermometry[END_REF]. Combined with its low electrical thermal conductivity and a high resistance variation with temperature at 300 K, NbN is a very good candidate for room temperature as well as low temperature applications [START_REF] Bourgeois | Liquid nitrogen to room-temperature thermometry using niobium nitride thin films[END_REF][START_REF] Nguyen | Niobium nitride thin films for very low temperature resistive thermometry[END_REF]. Figure 7 illustrates the schematic representation of the full fabrication process involved for fabricating thermal probe including NbN thermometer on an AFM cantilever.

The NbN thermal probes dedicated to SThM will be constituted of four electrical leads, two for applying the current and two to measure the voltage, along with the NbN thermometer located in between the four contact leads. To define the electrical leads of Ti/Au on AFM cantilever and chip, we used the same fabrication steps as summarized in using MEK, are important for a good geometry definition of the NbN thermometers. The alignement of the second EBL as compared to the gold leads is made by a quick imaging of the end of the AFM cantilever fast enough not to expose the QSR-5 resist. Indeed, using MEK developper that requires higher electron dose is an advantage because it allows the realignment procedure by SEM image without risking to expose too much the resist. Finally, SF 6 plasma etching is carried out for achieving the precise and well-defined patterns of the NbN thermometer at the apex of the AFM tip as shown in Figure 7(g) and (h) where the NbN nanostructured thermometer is in green, the QSR-5 resist is used as a mask during the SF6 plasma.

The SThM tip, fabricated following that protocol, is shown in Figure 8 where in (a) we see the four pads dedicated to microbonding and in (b) and (c) the Ti/Au electrical leads converging towards the pyramid of the AFM probe; we are using false yellow color to clearly identify the Ti/Au lines. Figure 8 (d) is a zoom on the apex of the AFM probe, where the NbN thermometer is easily located using false green color. As a result, the NbN thermometer has been structured on one face of the pyramid demonstrating the powerness of the fabrication process based on evaporable electron sensitive QSR-5 resist.

In order to fully demonstrate the efficiency of this fabrication process, it is important to perform the electrical characterization of the NbN thermometer. This has been done by measuring the resistance of NbN thermometer on the AFM tip as a function of temperature.

An example of such a temperature characterization is shown in Figure 9. It clearly shows the high potential of such a nanofabrication process of a thermal AFM probe for SThM measurements since a significant change of the NbN resistance is observed (13.5 Ohm per celsius degree). The best application of this thermal probe is either for the measurement of local temperature field when performing in contact scanning thermal microscopy or for the measurement of local thermal conductivity in an AFM environment.

CONCLUSIONS

In this work, we showed the lithographic capabilities of thermally evaporated QSR-5 e-resist with a combination of EBL technique and dry etching processes on planar and non-planar suspended surfaces. We achieved rectangular structures with few hundreds of nanometer width on planar or 2D surface. The impact of two different developers has been studied as a function of exposure doses. We found that the sensitivity of QSR-5 resist is improved when the development is performed in QSR-5D2 developer compared to MEK, the former will then be preferred for small dimension devices.

We demonstrated the efficiency of this e-beam sensitive resist by integrating nanofabricated electrical elements on highly non-planar 3D architectures: an AFM tip. In our results, we first demonstrated the patterning of Ti/Au thin film at the apex of the AFM probe. Secondly, we also showed that it is possible to integrate a highly sensitive NbN thermometer at the apex of an AFM tip. The nanofabrication of such new thermal measurement device can potentially enhance the sensitivity of SThM probes. Moreover, we are convinced that this innovative process will significantly contribute to ease the fabrication of novel nanostructures on suspended objects or non-planar surfaces. This advancement will substancially enhance the capability of developping suspended nano-sensors to explore various physical phenomena in novel devices and architectures at the nanoscale.
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 1 FIG. 1. SEM images of commercial AFM probes OTR8-10 used in the fabrication process [42]. (a) Top-view of the AFM probe with the triangular-shaped cantilever and tip. (b) Close-up SEM micrograph of the pyramidal-shaped AFM tip with radius of curvature about 15 nm and height of 3 µm.

FIG. 2 .

 2 FIG. 2. (a) and (b) are respectively the photograph of the thermal evaporator instrument and the evaporation crucible. (c) The schematic represents the simplified view of the thermal evaporation process. The QSR-5 resist (in powder form) is placed in molybdenum crucible (b) and Joule effect is utilized to increase the temperature of the crucible for evaporating the resist with desired rates.

FIG. 3 .

 3 FIG. 3. (a) AFM image and (b) SEM image of a QSR-5 e-resist film with a thickness of 170 ±15 nm evaporated on SiN substrate where the rice grain structures can be distinguished. (c) Topographic 3D AFM image of patterned QSR-5 (yellow, false colour shows e-resist step).
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 4 Figure 4 (b) and (c) compare the contrast curves for QSR-5 resist exposed at 5 keV and developed either in QSR-5D2 or MEK for rectangles of length×width: 20 µm×500 nm. The curves of the contrast γ describe the sharpness of the resist profile as a function of exposure dose, where γ is defined as γ = [log(D 100 /D 0 )] -1 , D 0 is the maximum electron dose at which the resist does not exposed and D 100 is the minimum dose to fully exposed the resist (over all the thickness). The term D 100 is also refering to the sensitivity of the resist. The contrast γ for the QSR-5 resist grafted on Au surface and developed in QSR-5D2 and MEK are 0.7

FIG. 4 .

 4 FIG. 4. (a) Topographic AFM images and corresponding height measurements of patterned QSR-5 resist on Au and SiN surfaces. The exposure was carried out at 5keV, and developed at 30 • C either in QSR-5D2 developer for 12 minutes or in MEK for 1.5 minutes. (a)-1 array of rectangles (length×width: 20 µm×(50 to 500 nm)) of QSR-5 resist patterned on a Au surface, with the exposure dose of 500 µC.cm -2 , developed in QSR-5D2 and (a)-2 the exposure dose of 1500 µC.cm -2 and developed in MEK. (a)-3 shows the patterned QSR-5 on SiN exposed at 500 µC.cm -2 and developed in QSR-5D2. (a)-4 the exposure is performed at 1500 µC.cm -2 and developed in MEK. (b) and (c) represents the contrast curves of the QSR-5 resist exposed at 5 keV for rectangles of length×width: 20 µm×500 nm and the impact of developers is shown on the electron exposure dose. (b) QSR-5 thin film grafted on Au surface (solid dots), and (c) SiN surface (solid triangles)

FIG. 5 .

 5 FIG. 5. Schematic illustration of the steps involved to integrate metallic thin films on non-planar 3D commercial AFM probes. (a) Silicon nitride (SiN) based AFM probe with thermal conductivity and electrically insulating properties. (b) Deposition of Ti/Au by e-gun evaporation with thicknesses of 5 and 50 nm respectively. (c) Thermal evaporation of QSR-5 negative e-resist with thickness of 170 nm. (d) E-beam lithography and development of resist; IBE process to define the electrical leads of Ti/Au on the AFM cantilever and chip. (e) Top-view of the patterned gold strip on the AFM tip. (f) A picture of the tip holder used during all the lithography processes: resist evaporation, EBL and etching procedures.
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 6 Figure 6 (a) and (b) show the SEM images of the structured QSR-5 resist on the AFM tip with width of 800 nm and Figure 6 (c) and (d) demonstrate the well-defined patterning

FIG. 6 .

 6 FIG. 6. SEM images of patterned QSR-5 resist on AFM probes by EBL and dry etching process, with increasing magnifications from (a) to (b). The electron energy and exposure dose of 5 keV and 400 µC.cm -2 are used respectively. QSR-5 is developed using QSR-5D2 developer for 12 minutes at 30 • C. (c) and (d) show the patterning of Au lines on AFM probe via performing the Ar plasma step inside Plassys IBE MU400 (2 sccm Ar gas, 0.1 mTorr pressure, and 400 W RF power).

FIG. 8 .

 8 FIG. 8. SEM images illustrate the integration of the thermal sensitive NbN film on commercial AFM probes. (a) and (b) Top view of fabricated four-terminal electrical leads of Ti/Au (yellow, false colour) on AFM chip. (c) and (d) show the integration if NbN resistive thermometer (green, false colour) at the apex of the non-planar pyramidal shaped AFM tip.

Figure 5

 5 Figure 5 and detailed in Figure 7(a) to (d). The resultant patterned structures of Ti/Au are shown in Figure 7(d). After this step, the thin film NbN thermometer with a thickness of 70 nm is deposited by using DC-pulsed magnetron sputtering from a highly pure (99.95%) Nb target in the presence of Ar/N 2 gas (Figure 7(e); the detailed description of this step can be found in Ref. 46. After the NbN deposition, QSR-5 resist is deposited on top of the NbN thin film (Figure 7(f)) and structured again using EBL, followed by development via soaking in MEK developer at 30 • C for 90 seconds. Again, the obtained patterns of resist are used as a hard mask for the SF 6 plasma etching. Sharp patterns, as obtained when

FIG. 9 .

 9 FIG. 9. Electrical resistance of the NbN thermometer located on the AFM tip (presented in the inset SEM image) measured using the four terminal electrical leads of Ti/Au as a function of temperature. The variation of the resistance shows the sensitivity to temperature of the NbN thermometer.
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