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Introduction

Silicon electronics today in terms of power and microwave devices have practically reached its operational limitations determined by the physical properties of the material in use [START_REF] Alves | SIC power devices in power electronics: An overview[END_REF] , which has motivated the active search of new material systems such as SiC and GaN for the semiconductor components. GaN is one of the promising materials for power and microwave electronics owing to its unique properties such as wide direct bandgap, high breakdown voltage, high thermal and radiation stability. Today, various electronic components based on GaN are commercially available [START_REF] Pushpakaran | [END_REF] . Taking into consideration GaN over silicon advantages in power electronics, the key point is the ability of GaN to stand high voltage without degradation.

Simultaneously with the development of new materials, quasi-one-dimensional structures with high length to diameter ratio such as nanowires (NWs) have attracted attention in this field. This is motivated by their geometric features associated with high surface to volume ratio, which enable device miniaturization and development of gate-allaround architectures, extending the range of operating frequencies and increasing the device efficiency [3][4][5][6][7] . Combining the unique properties of GaN with the advantages of the nanostructures, GaN NWs can pave the ways for the development of a new generation of high power/high frequency transistors [8,9] . This has motivated an intense research in this field in the last few years [8][9][10][11][12][13] . However, due to the complexity of the 3D nanoscale architecture sensitive to surface charge effects, the quantification of the current density in NWs is not trivial. Quantitative evaluation of the current density and analysis of the operation stability of ultra-thin GaN NWs are lacking in the literature. To fill this gap, we focus the present investigation on the GaN NWs behavior regarding high current conductivity and operation stability, which is also important for high power electronics.

Experiment details

The undoped GaN NWs were synthesized on Si(111) substrates via plasma-assisted molecular beam epitaxy (PA-MBE) technique. Before growth, Si substrates were treated with the Shiraki method as described in [14] . After loading to the MBE chamber, a thin oxide layer at Si substrates was thermally removed, and then a thin AlN buffer layer was grown on Si, which in turn initiated GaN NWs growth. The images of the synthesized structures obtained by a scanning electron microscope (SEM) are shown in Figure 1. The length of grown NWs was 3 µm, while the mean diameter was 150 nm. At the next step, the Si substrate with grown GaN NWs was immersed into IPA followed by a treatment in an ultrasonic bath. Then, the solution with GaN NWs separated from the substrate was dropped on a Si wafer with a 50 nm SiNx insulating layer, deposited by plasma-enhanced chemical vapor deposition. To evaporate IPA from the surface, the substrate was blown with dry nitrogen. As a result, GaN NWs were horizontally placed on the auxiliary substrate.

To form metal contacts to single GaN NWs a standard photolithography procedure was applied. A bilayer PMGI / AZ MIR 701 resist was used, which was further exposed by a 405 nm laser in Heidelberg DWL 66FS lithography system. After exposure and development Ti (20 nm)/Au (300 nm) layers were deposited via vacuum electronbeam/thermal evaporation technique with the use of Boc Edwards Auto 500. Non-annealed Ti/Au contacts were used to avoid a metal shell formation at NWs surface during temperature treatment. The process of contact formation was finalized by lift-off. Figure 2 demonstrates the schematic together with the SEM and optical images of the fabricated structures. In accordance with the chosen lithography pattern confirmed by the SEM images the average distance between contacts to NWs is around 1 um. This value is comparable with published before results [15,16] . After fabrication procedure all samples were examined with SEM to check whether the side walls of NWs are covered with a thin layer of metal or any metal drops are formed between the contacts. Current-voltage (I-V) measurements were then performed only for NWs with clean side walls. 

Results and discussion

For the comparison of I-V curves acquired for different NWs, the measured current was normalized to the cross-section area of the studied NWs, and the applied voltage was normalized to NWs length to convert it to an electric field. Figure 3a shows the dependence of the acquired current density (J) on the electric field (E) for several single GaN NWs, denoted as NW1-5. Some features were acquired on J-E dependencies.

For a deeper understanding of the observed particularities double logarithmic plot of the J-E characteristic for the sample denoted as NW5 (see Figure 3a) is presented in Figure 3b.

At low and medium electric field J-E curve shows close to linear dependence, demonstrating the ohmic behavior of contacts to NW. Then, at bias above 9 V µm -1 the current density turns to 𝐸 𝑛 dependence, where n > 2. The change of the slope of J-E characteristic was demonstrated in a number of paper [15,16] , for n ≥ 2 this behavior is suggested to be a characteristic for space charge limited (SCL) currents in insulator with the surface traps [17] .

However, in our study the current density is more than one order of magnitude higher in comparison with typical density for SCL regime. The detailed analysis of the J-E behavior will be investigated elsewhere. Also, all measured J-E curves demonstrate saturation. We suggest that this phenomenon corresponds to the GaN electron drift velocity saturation [18] . The drift velocity V can be expressed as follows:

𝑉 = 𝑗 𝑒𝑛
where j -a current density, e -an electron charge, n -an electron concentration. Undoped MBE-grown GaN NWs posses n-type conductivity with doping level of (10 17 -10 18 ) cm -3 [19][20][21] . Thus, taking the carrier concentration of (10 17 -10 18 ) cm -3 , the estimated drift velocity should be around 1.2-2.5 ✕ 10 7 cm s -1 . Such outcome in a good agreement with the results of published experimental and theoretical studies [22][23][24][25] . Depending on the NWs diameter, the current density J varies and reaches in our measurements 2 MA cm -2 value for several NWs. It is a well known fact [26] that surface electron states at the NW sidewalls cause the formation of the depleted space charge region. This consequently reduces the effective area of the NW conduction channel, which means that the actual current density should be higher. To estimate this value, denoted as surface corrected current density, we numerically modeled cross-sectional distribution of the electron concentration in GaN NWs using Poisson's equation for the electric potential and drift-diffusion model to calculate transverse electron current in semiconductor [27] as well as taking into account Fermi statistic and Shockley-Read-Hall like surface state model [28] . We assume that the NW doping concentration and electron mobility are 5 ✕ 10 17 cm -3 and 500 cm 2 V -1 s -1 , respectively [29] and the energy level (with respect to the minimum of the conduction band) and the density of surface states in GaN equal to Et=0.55 eV and Nss=5✕10 11 cm -2 , respectively [19,20,26] (the details of modeling is presented in the Supporting information). Figure 4a and4b show the calculated electron distribution. It is clearly seen that a significant part of NW is depleted. For quantitative evaluation we introduce the coefficient F that represents a cross-section filling of NWs with electrons:

where n -an electron concentration at a given point, n0 -nominal electron concentration (in the absence of surface states), S0 -cross-section area of the NW. The value of F=1 corresponds to the filled NW cross-section. In that case, the conduction channel width equals the NW diameter. Figure 4c represents the modeled dependence of F on the NW diameter.

The coefficient F is equal to (0.53 -0.77) for the NWs diameter of (100-200) nm. Thus, the part of the conductive channel of studied GaN NWs is depleted.

Hence, we can estimate the saturation of surface corrected current density of the studied GaN NWs at the level of 3 MA cm -2 . Note that the passivation [26,30] of sidewall surface states can further increase F and the total current. To estimate the leakage of current through the substrate, a series of contact pads with a 1 µm gap was fabricated on the same SiNx/Si substrate. According to obtained data (not shown here), the current leakage through the substrate was 4 orders of magnitude lower compared to the current flow through the single NWs.

The results of numerical calculations (not presented here) indicate that the time for NWs heating to a stationary temperature during I-V measurements is about 2 ns. This value is 6 orders of magnitude lower than the duration of applied electrical pulses (see the insertion of Figure 3a). Thus, we can suggest that I-V measurements of NWs were performed at quasistatic regime with a constant temperature for each voltage point.

We have compared the obtained results with the data reported on drain-to-source current density of field-effect transistors (FETs) based on GaN NWs. An analysis of the published papers [31][32][33][34][35] devoted to GaN NWs-based FETs shows that a drain current density flowing through a single NW is in the range of from several tens to several hundreds of kA cm -2 , which is an order of magnitude lower than the value reported here.

As shown in [15,16,36,37] for single GaN NWs with the same geometry of metal contacts the current density reaches 500 kA cm -2 for NW diameters in the range of (50-500) nm.

To confirm the stability of the studied structures we gradually increased the voltage applied to single NWs to saturate the current. Then the device was stressed with current at the saturation value for at least 30 minutes without cooling. Note, that for several NWs the applied external voltage exceeded 20 V and the current density reached 1-2 MA cm -2 .

During this test, the current was stable in time and no failures were observed. This shows that GaN NWs show remarkable stability and thus have significant potential for high-current electronics while being very small in size.

Conclusion

In this work, GaN NWs grown by molecular beam epitaxy were separated from the growth substrate and transferred to auxiliary Si wafer with SiNx insulating layer. Ti/Au contacts were then formed to the extremities of single GaN NWs for electrical analyses. The extremely high current density of 2 MA cm -2 was measured and no damage of the GaN NWs was observed during the operational period of 30 minutes. Taking into account the depletion area of NWs we can estimate the effective maximum density of current as 3 MA cm -2 . The observe high current density and good stability can create new opportunities for the development of power and microwave electronics based on GaN NWs.
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 1 Figure 1. a) SEM images of grown GaN NWs on Si substrates (top view). b) SEM images of grown GaN NWs on Si substrates (cross-sectional view).

Figure 2 .

 2 Figure 2. a) The schematic view of processed structures. b) Optical image of one of the fabricated structures. The insert shows a SEM image in artificial colors of a single GaN NW with metal contacts.

Figure 3 .

 3 Figure 3. a) Measured J-E curves of the single GaN NWs, the insert shows the shape of electrical signals applied to the single NWs. b) Double logarithmic plot of NW5 curve presented on (a). The insert shows the scaled-up view of the dependence between 8 V µm -1 and 12 V µm -1 .
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 4 Figure 4. The numerical calculations results. a) Electron distribution over the NW crosssection. b) Distribution of the electron concentration along the NW diameter (color bar corresponds to (a)). c) The dependence of F on the NW diameter.
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