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Focused He + beam with a beam diameter lower than 1 nm is heating up the targeted surface for He + dose larger than 1×10 20 ions/cm 2 . The temperature can reach locally 1000 °C resulting in surface decompositions or chemical reactions. This temperature was measured by fabricating gold nano-disk down to 20 nm in diameter and 10 nm in thickness on mica and sapphire surfaces. The melting and vaporization of those nano-disks were used to determine this temperature according to the known gold nanoclusters melting temperature variations as a function of their volume. This local heat production is very negative for precise He + nanolithography resist processes but advantageous without a resist to directly nano-sculpture a nanomaterial when a very thermally conductive support like sapphire is selected.

Introduction

Focused beams of charged particles used for example in nanolithography (e-beam, Ga + beam) are generating heat locally when reaching the resist and wafer material interfaces [1]. This is also the case of the recent focused He + beam nanolithography processes where the patterns are generally deformed by the lateral melting of the resist [2] and as a consequence by the local deformation of the surface of the wafer supporting those patterns [3,4]. This is clearly a problem for HIM fabricating nanoelectronics circuits [5], ultrathin nano-disk or nano-gears beyond the known e-beam nanolithography limits [6]. To measure locally this local heat dissipation, we have used here gold metallic nanodisks playing the role of a local nanothermometer [7]. This "all or nothing nanothermometer" effect was inspired from the 75 nm in diameter nanothermometer filled up with Ga carbon nanotube [7]. We take benefit of the fact that at small dimensions, the melting temperature of a metallic nanocluster depends on its effective diameter [8][9][10], an effect known since the seminal work of M. Takagi [11]. It offers a unique opportunity to evaluate the local temperature of a gold nanodisk as a function of the He + dose focused on it. The resulting local heat production may be enough to trigger surface chemical decompositions or surface reactions leading to surface deformations often larger than a few nanometres in corrugation [3,5].

Results and discussion

We have thermally prepared 10 nm, 20 nm and 100 nm in thickness Au(111) gold layers on fresh cleaved mica and ultra-flat c(0001) sapphire (Shinkosha Co., Kanagawa, Japan)

substrates. An Orion Plus helium ion microscope (HIM) (Zeiss, Peabody, USA) operating at an acceleration voltage of 30 keV was used to irradiate focussed He + beams at the surface of those substrates. HIM images were recorded with doses of 0.7 -7×10 10 ions/cm 2 to reduce the anticipated irradiation damages. The spatial resolution of the He + beam was 0.35 -0.5 nm.

The irradiation was achieved by using the internal Orion patterning software to raster the focussed beam with a 1 nm pixel spacing. A constant beam current of 0.4 pA was used for all the experiments, taking care of the stability of the He + emitting trimer on the tip. The dwell time per pixel was adjusted to achieve the required dose. The dose for a complete local etching depended on the Au thickness and on the supporting material. In our experiments, we have used mica (thermal conductivity κ = 44 W/cm·K) and sapphire (κ = 4.2 W/cm·K) substrates to observe heat generation and transfer to the supporting surface during the irradiation of focussed He + beam onto the gold nanodisk with a κ = 319 W/cm·K gold film thermal conductivity.

As presented in figure 1a, 100 nm thick layer Au(111) nanodisks can be directly sculptured on the sapphire surface down to 20 nm in diameter using an He + focussed beam irradiation [10] with a dose reaching 1×10 19 ions/cm 2 including the central mark. Depending on the supporting surface, a reduction of the sculptured pattern down to 10 nm renders locally the gold layer unstable under He + irradiations. As presented in Fig. 1b,c,d,a simple sculpturing experiment on a gold/mica surface demonstrates that this effect is mainly due to a local heating of the supporting surface by the He + focused beam. During the etched lines (Fig. 1b,c), the gold layer was not destabilized by those successive irradiations. As soon as the 4th irradiation was performed to sculpture a single 10 nm × 20 nm gold nano-island on mica, the awaited nano-island was vaporized laterally by this last irradiation step (Fig. 1d) indicating a drastic increasing of the local temperature of the mica surface.

To study systematically this effect, we have fabricated a series of Au(111) nanodisks on mica and sapphire substrates with different diameters from 5 nm up to 50 nm (see for example Fig. 2a for a series of identical 20 nm in diameter gold nanodisks on a sapphire surface).

Then, the He + beam was focussed at the centre of each nanodisk while increasing step by step the irradiation time as indicated in Fig. 2b. As a result, the centre of the nanodisk can be either pierced as for example in Fig. 1a on sapphire or vaporized similar to the effect which was presented in Fig. 1b,c, d on mica.

As presented in Fig. 3, the threshold for melting a gold nanodisk depended on the irradiation time and on the thickness of the gold layer. The difference of melting threshold between mica and sapphire is small for an Au(111) layer with a thickness of 20 nm even if the sapphire thermal conductivity is about 10 times larger than the one of mica. This small melting threshold difference is due to the same adsorption energy of the gold atoms on sapphire and mica surfaces because of the similarity of surface atomic scale structure between the two materials. More interesting is the fact that a nanodisk made from a thin gold layer is able to sustain a larger irradiation dose than a one made with a thick layer. This effect partially comes from the small stopping power of He + beams at a surface [12,13], leading to diffuse elastically through a thin gold layer without transferring its energy to this gold layer via inelastic scattering processes. The effect is also partially originating from the diffusion of the thermal energy caused by the He + impact on the thin gold layer to the substrate. The latter is effective for thin layers as well as a substrate with large thermal conductivity. For thicker gold layers, the inelastic effect occurs within the layer. The nanodisk melts and evaporates at larger He + doses. The Fig. 4 curves can serve to estimate the local temperature of a 20 nm in thickness gold layer on the mica and sapphire surfaces under He + focused beam irradiations. For this purpose, we have used the well know melting temperature variation formula as a function of the volume of the material [11,14]:

T m (V) = T B (1 -V -1/3 ) ( 1 
)
where  is a parameter characteristics of the material and of its shape (layered, spherical, and ovoidal). Notice that ( 1) is normally applied to metallic nanoparticles where V -1/3 is simply proportional to the nanoparticle diameter. For gold, bulk melting temperature T B is 1085 ℃. In our case, V is simply the volume of the initial disk diameter before its melting and vaporization with a 20 nm layer thickness. In (1), we have taken  = 1.387 nm to approach the experimental variation of the gold melting temperature as a function of V [14]. Following the Fig. 3 data, T m (V) can be plotted as a function of the He + focused irradiation dose. This leads to the Fig. 4 curves demonstrating that under He + irradiation, the local temperature can be as high as 1020 ℃.

This local temperature increase has 2 consequences:

(1) when a material is irradiated by a focussed He + beam, a pervasive perception that the surface is not impacted by the irradiation is not valid. Certainly, a focussed He + beam is not back scattered in the material due to low stopping power [START_REF] Petrov | Helium Ion Microscopy[END_REF], and the behaviour is different from the backscattering of the focussed electrons very active in an e-beam nanolithography process. The heat locally generated at the material-surface interface by a focussed He + beam can deform this surface by initiating local chemical reaction well before the creation of the deep in the material He bubbles [START_REF] Höchbauer | [END_REF]. For a sapphire material, this heat production can also desorb oxygen and create random conductive aluminium paths which we have detected through local surface conductance measurements.

(2) This local heat production can also chemically transform the nanomaterial deposited on the supporting surface. This can be the case of He + sensible resist now used in He + nanolithography or in the re-stabilization of a nanomaterial which was supposed to be etched by the He + beam. This last example was observed in measuring room temperature electronic transport localization effects through a graphene monolayer [3]. The first randomization of the graphene surface atomic scale structure by the He + beam irradiation was very conclusive. But step by step, the localization effect disappears demonstrating that the previously randomly damaged graphene areas were reforming their initial honeycomb atomic structure. We have originally interpreted this phenomenon as a lateral diffusion of the graphene carbon atoms reforming its graphene hexagonal lattice [3]. This diffusion is only possible because a local heating effect occurring on the sapphire surface. This is exactly what we have confirmed here using ultra small metal nanodisk as nanothermometers.

Conclusion

Focused He + beam is hardly heating up locally a surface when scattered. He + ions can continue deep in the material their trajectory underneath the surface. But inelastic scattering effects also occur at the material-surface interface leading to a local temperature increase up to 1020 °C. On the supporting surface, the resulting local heat production is large enough to trigger surface chemical decompositions or reactions. It explains the large surface corrugation increase while for example performing local atomic scale atom extractions [3,5]. It can have a negative effect for He + nanolithography processes. But this is also an advantage (when mastered) to sculpture directly a nanostructure without a resist deposited on the surface using also a very thermally conductive material like sapphire. 
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 1 Figure 1. (a) An HIM image of two Au(111) nano circles nanofabricated using the same focused He + beam with an 1×10 19 ions/cm 2 irradiation dose on a 100 nm thick Au(111) layer deposited on an atomically flat sapphire sample surface. A little central irradiation was also performed in the center of each nanodisk to prepare the Fig. 2 experiment. (b)-(d) HIM images of an Au(111) nano rectangle step by step nanofabrication process near the edge of a 100 nm thick Au(111) layer on mica using a line by line scan of a focused He + beam with a dose of 6×10 18 ions/cm 2 . Step b and c, the central gold layer is stable. After the b step, a new line by line irradiation with a dose of 6×10 18 ions/cm 2 was performed as indicated by the white transparent rectangle on this figure. In the HIM image just after this second step, the central gold nano rectangle vaporized without scanning on it.
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 2 Figure 2. (a)The HIM beam sculpturing of 5 metallic nanodisks in an 20 nm thick Au(111) layer deposited on a sapphire surface using a 1×10 19 ions/cm 2 He + beam irradiation dose. (b) Each nanodisk was He + beam irradiated at its center with a different dose to determine its melting threshold which can be observed by a progressive disappearance of the external black circle and a large extension of the central pierced hole: top left: 1s (1×10 21 ions/cm 2 ), top right: 5s (5×10 21 ions/cm 2 ), center: 10s (1×10 22 ions/cm 2 ), bottom left: 20s (2×10 22 ions/cm 2 ), and bottom right: 30s irradiation time (3.0×10 22 ions/cm 2 ). Here, the nanodisks have the same 20 nm diameter. The disk diameter was also systematically varied from 5 nm to 40 nm to record the Fig.3curves.
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 3 Figure 3. (Color online) Variation of the melting (or vaporization) threshold dose as a function of the nanodisk diameter sculptured on Au(111) layer with a thickness of 20 nm and 10 nm, thermally deposited on a mica and a sapphire surface.
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 4 Figure 4. (Color online) Variation of the local surface temperature measured using the change of the melting temperature of metallic nanodisk of different diameter for a mica and sapphire surface
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