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Electron beam irradiation

The electron irradiation might slightly increase the temperature of oxide layer of nanorods. In our experiments, all electrochemically
etched metal nanorods were covered with a thin layer of metal oxide. Typically, metal possess excellent thermal conductivity (Al: 238
wmK? Cu: 397 Wm?K™? at room temperature)* and the heat generated under electron irradiation can be easily dissipated, so we
mainly focused on temperature effect on metal oxide.

According to Fisher’s work," 2 the increase of temperature induced by electron irradiation on metal oxide can be estimated as:
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Where I is the beam current, AT is the maximum temperature rise caused by an electron beam irradiation, k is the thermal
conductivity, AE is the total energy loss per electron in a sample of thickness d, b is the radius of the heat sink which is approximately
equal to half perimeter of metal nanorod, and r, is the radius of area under electron irradiation on nanorod. In our case, for nanorod as
cylinder shape b/ry is 2, AE/d is considered as a constant of 0.5 eV/nm at 300 keV. Under a magnification of 125kx, I is
approximately equal to 10° e/nm2 The thermal conductivity for Al,O5 and CuO are 10 WmK™ and 1.6 Wm™K™?, respectively.> * With
these parameters, the maximum of temperature rise is about 0.5 K and 3.3 K for Al,03 and CuO, respectively. Therefore, comparing with
their melting points (CuO: 1599 K, Al,Os: 2345 K), the electron beam irradiation only induced a slight temperature rise which can be

almost neglected.
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Fig. 1* (a) — (c) Sequence of TEM image of bonding process and the bias was 2 V from Cu to Al. (d) and (e) are the curve of resistance and current
density at interface respectively and the 0 sec was set from 23 minutes. As shown in the curves, the ohmic contact was completed on 31 — 32 minutes.
After the completion of ohmic contact, the conductivity of the bonding part showed a continuous increase. Please note that, all the data was achieved by

discrete electric sweep from +100 mV to -100 mV and the current density was based on +100 mV. The scale bar for (a) — (d) are 20 nm.

As the current density increased, more Joule heat was generated at the interface which naturally facilitated the migration of oxygen atoms.
Then the migration of oxygen atoms decreased the resistance and eventually increased current density. As the bias was set to be constant,
the increase of current density meant more Joule heat was generated at interface. Therefore, the continuous drop of resistance and
increase of current density were caused by this positive feedback process between oxygen atoms’ migration and generated Joule heat.
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Fig. 2* Electric sweep |-V curves of figure 1* bonding process at different times. (a) 5 min, (b) 19 min, (c) 25 min, (d) 32 min. The positive bias was
defined as current flowed from Cu to Al and the electric sweep was set from +100 mV to -100 mV. As the completion of ohmic contact, the 1-V curves

show more and more smooth profile.
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Fig. 3* (a) — (d) Sequence of TEM images show the stress concentration on Al nanorod. The applied bias was 2 V from Cu to Al. (e) The TEM image of
contact region before the bias was applied. The insect is FFT (Fast Fourier Transformation) of this image. (f) The filtered image was processed by the
selected spots marked in FFT insect indicating the area of single crystal. The lattice spacing is 2.3 A as (111) crystal plane of Al. The scale bar for (a) — (f)

are 10 nm.

The stress pattern could be distinguished from Moiré fringe because high resolution image showed that the concerned region was single
crystal, excluding interferences from multiple crystals which might generate Moiré fringes.® It also demonstrates that the stress pattern
had become bigger and clearer which indicate a gradually accumulated stress under electrical loadings. Region of stress concentration is
near the grain boundary as the stress gradient is always easily generated and accumulated on grain boundaries.
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Fig. 4* EFTEM characterization of melted Al nanorod. (a) EFTEM image of Cu for melted Al nanorod. The energy width was set to be 30 eV with a
center at 931 eV for Cu. The exposure time range of all the mappings were fixed at 30 seconds. (b) EFTEM image of Al for melted Al nanorod. The
energy width was set to be 10 eV with a center at 73 eV for Al. The exposure time range of all the mappings were fixed at 10 seconds. (c) EFTEM image
of O for melted Al nanorod. The energy width was set to be 10 eV with a center at 532 eV for oxygen. The exposure time range of all the mappings were

fixed at 10 seconds. (d) TEM image of melted Al nanorod. (e) Al signal density along the red arrow in (b). The scale bar for (a) — (d) are 20 nm.

The applied bias was 2 V from Al to Cu and the Al nanorod melted prior to Cu nanorod after 67 minutes’ constant bias. As shown in Fig.
4* (a) and (b), the Cu atoms migrated from Cu nanorod were concentrated at the end of Al nanorod which keep in line with the high
contrast region in Fig. 4* (d) (the weak noise signal located on bottom in Fig. 4* (a) was caused by multi-scattering).® It also indicated
the region where alloy was formed. As shown in Fig. 4* (e), there is an obvious gradient of Al signal density from the end to body region
which indicate electromigration process of Al (exclude the influence of thickness as the diameter don’t change much along the nanorod

in figure’s range).
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Fig. 5* Selected area electron diffraction (SAED) of contact region. (a) TEM image of contact region. The red rectangle indicates the area of selective
diffraction, SAED aperture was set to be 60 nm and spot size was 6. (b) Diffraction image of selected area in (a). Obvious polycrystal ring was observed in

diffraction patterns which indicate that contact region was made up of polycrystal.
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