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Fig. 1. Measured I-V characteristics of devices with two different contacts (a) before and (b) after RTA. The inset in (a) and (b) shows the device cross-section schematic and top-view microscope image of two contacts after RTA, respectively. (c) HAADF-STEM and EDS images at AlN/Zr contact interface after RTA. (d) I-V characteristics of TLM structure with Zr contact. (e) Total resistance vs. Lgap in two TLM devices with two different contacts. (f) Statistics of Rc and Rsh with the two contacts based on multiple TLM devices.


Abstract—This work reports improved ohmic contacts on n-type AlN using a Zr/Al/Mo/Au metal stack with contact resistivities of ~10-3 Ω⋅cm2 at 25°C and ~10-5 Ω⋅cm2 at 500°C, which are over one and two orders of magnitude lower than Ti-based contacts, respectively. Temperature-dependent current-voltage characteristics reveal thermionic-field emission-dominated transport at the Zr/AlN interface, leading to improved conductivity and ohmic behavior above 400°C. Record-low specific on-resistance (Ron,sp) is achieved in AlN Schottky barrier diodes using Zr-based cathode compared to previously reported values at comparable breakdown voltages. The devices reveal 10× enhanced Baliga Figure of Merit at 300°C and 500°C due to significantly lowered Ron,sp < 50 mΩ⋅cm2.
[bookmark: PointTmp]Index Terms—AlN, Zr contact, high temperature, Schottky barrier diodes, high power
Introduction
A
LUMINUM nitride (AlN) holds exceptional potential for next-generation power devices and high-temperature electronics owing to its ultrawide bandgap, superior critical field, and excellent thermal properties [1]–[4]. However, realizing high-performance AlN devices is challenged by high dopant ionization energy and self-compensation effects in metal-organic chemical vapor deposition (MOCVD) material [5], leading to a low carrier concentration <1016 cm-3 at room temperature (RT) even with doping level >1018 cm-3 [1],[6]. Low electron affinity and Fermi-level pinning at the metal/AlN interface further increase contact barriers, hindering formation of low-resistance ohmic contacts [1]. Although reverse-graded n-AlGaN layers mitigate contact resistance, their effectiveness is limited by low effective doping in high-Al-content AlGaN and a polarization-induced barrier at the AlGaN/AlN interface [7]. For direct contact to AlN, conventional Ti-based contacts widely used for GaN typically show specific contact resistivities (ρc) >10-2 Ω·cm2 [8]–[11]. While recent Ti/Al/Ti stacks have reduced ρc below 10-3 Ω·cm2 [12], fully unlocking their potential for AlN-based power electronics requires comprehensive device-level validation alongside an in-depth analysis of the underlying carrier transport physics. Recently, Zr has demonstrated reduced ρc in AlxGa1-xN with x up to 0.85 [13]–[17] by more effectively promoting N-extraction to generate N-vacancy donors compared to Ti [18],[19], thereby thinning the depletion region associated with the Schottky barrier. However, extending this to pure AlN alters the physical environment at the contact interface due to the significantly higher thermodynamic stability of the Al-N bond and much lower carrier density [20],[21]. As a result, the fundamental transport mechanisms of Zr contacts on pure AlN remain uninvestigated. Furthermore, as elevated temperatures effectively ionize dopants and increase carrier density in AlN [10],[11],[22], evaluating the high-temperature device performance of the contact is also critical.
Here, we demonstrate an improved contact on n-type MOCVD-grown AlN using a Zr-based electrode compared to conventional Ti/Al/Ni/Au. Temperature-dependent electrical characterization from 25°C to 800°C shows that the Zr contact approaches ohmic behavior above 400°C, with a minimum ρc of 5.7×10-5 Ω·cm2 at 500°C. Schottky barrier diodes (SBDs) with Zr-based cathode exhibit the lowest specific on-resistance (Ron,sp) among all reported lateral AlN SBDs at comparable breakdown voltages (VBD) at 25°C and a further enhanced Baliga Figure of Merit (BFOM) at elevated temperatures. [image: ]
Fig. 2. Temperature-dependent I-V characteristics of (a) Zr-contact device and (b) Ti contact device with Lgap = 10 μm, width of 150 μm. (c) Temperature dependency of normalized differential resistance as a function of bias. 
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Fig. 3 (a-b) Arrhenius plot of measured I-V (points) at various bias with Zr and Ti contact device, respectively. Dashed lines: theoretical fitting with I ∝ exp(-Ea/kT) to extract Ea. (c) Extracted Ea vs. applied voltage. (d) Schematic of different emission mechanisms at the metal/AlN interface. (e) Equivalent model of the total capacitance at zero bias. (f) WD at zero bias vs. temperature. Inset: C-V characteristics near zero bias for both contacts at RT.

Device Fabrication
A ~325-nm-thick Si-doped AlN layer was grown on a semi-insulating 4H-SiC substrate with 4°-off-axis by MOCVD. The growth was performed at 1120°C and 1.3×104 Pa using trimethylaluminum (TMAl), NH3 and tetramethylsilane (TMSi) as the precursors. The Si concentration was estimated as ~6×1018 cm-3 based on its gas flow of ~8×10-2 μmol/min during the growth. The fabrication started with contact formation. Transfer-length method (TLM) structures were patterned via UV lithography, followed by native oxide removal using BOE 7:1. A 15/100/40/30 nm Zr/Al/Mo/Au metal stack (Mo acts as a diffusion barrier) was then deposited by electron-beam evaporation under a base pressure of 2×10-7 Torr, while 20/100/25/50 nm Ti/Al/Ni/Au stack was used as reference, both followed by a lift-off process (schematic in Fig. 1a inset). Rapid thermal annealing (RTA) at 950°C for 30 s in N2 was then performed to improve the contact. This RTA condition is typically used for Ti-contacts for AlN [23],[24] and shown to be effective for Zr-based contacts on high-Al-content AlGaN [13],[14],[16],[17]. Device mesa isolation was achieved by Cl-based reactive-ion etching. The TLM device structure with electrode width of 150 μm is illustrated in cross-section (Fig. 1a inset) and top view (Fig. 1d inset), with the post-RTA surface morphology presented in Fig. 1b inset. The same ohmic contact formation was applied to SBD fabrication, employing Ni/Au Schottky anodes.
Electrical Characterization and Discussion
Temperature-dependent electrical characterization was performed in an Instec high-temperature probe station with a Keysight B1500A Semiconductor Analyzer, while RT breakdown tests employed a Tesla probe station with a Keysight B1505A Power Device Analyzer. As shown in Fig. 1a, the Ti contact exhibits lower total resistance than Zr before RTA, whereas after RTA, the Zr contact delivers nearly twice the current at 10 V compared to Ti (Fig. 1b). This suggests that the RTA treatment more effectively improves the Zr contact. TEM analysis in Fig. 1c reveals a thin Zr-Al-N interfacial layer after RTA, considerably thinner than the Al-N interlayers reported for Ti/Al/Ti/Au contacts [12], and is expected to reduce the effective contact barrier and improve carrier transport [18],[19]. Representative TLM I-V characteristics with Zr contact at 25°C are shown in Fig. 1d, with extracted contact (Rc) and sheet resistances (Rsh) at ±20 V summarized in Fig. 1e. Statistical results in Fig. 1f confirm that both contacts exhibit similar Rsh, while Rc is reduced by over fivefold with the Zr contact, indicating improved contact performance using the Zr/Al/Mo/Au metal stack.
Temperature-dependent I-V characteristics were performed for devices with the two contacts as shown in Fig. 2a-b. In both cases, the current increases with temperature due to enhanced Si dopant ionization and increased electron energy [10],[23]. The current tends to saturate for Zr contact after 450°C and reaches a similar value to Ti at 800°C. Moreover, the Zr contact shows increasingly linear I-V characteristics with temperature, achieving ohmic behavior at 400°C, in contrast to 700 °C for Ti. Fig. 2c shows that the change of the normalized differential resistance (Rdiff = dV/dI, normalized to its maximum) near zero bias reduces with temperature and reaches a nearly constant above 400°C, confirming the transition to ohmic contact. 
 To investigate the origin of the differences between the two contacts, the activation energy (Ea) was extracted based on the slope of the Arrhenius plots of the I-V characteristics as shown in Fig. 3a-b. For Zr, excellent linear fitting ranging from 25°C-450°C with a single Ea is found at various bias conditions. Ea becomes 0 after 450°C due to the saturation in current improvement (Fig. 3a). In contrast, two distinct Ea are observed for Ti contact, with a transition temperature between them of ~200°C (Fig. 3b). Fig. 3c presents bias-dependent Ea for three cases: Ea,Zr for Zr contact; Ea,Ti,LT and Ea,Ti,HT for Ti contact at low and high temperature regimes, respectively. For Zr contact, Ea,Zr reduces as the bias increases, indicating that the carrier injection at the metal-AlN interface is dominated by thermionic-field emission (TFE). The Ti contact shows the same behavior at high temperatures, where Ea,Ti,HT decreases rapidly with bias. However, at low temperatures, Ea,Ti,LT is largely independent of bias, implying that thermionic emission (TE) dominates, consistent with a Schottky contact [25],[26]. At high bias, all cases converge to a constant Ea (~250 meV), indicating tunneling-dominated transport across the contact interface under strong electric fields. This phenomenon can be explained as illustrated in Fig. 3d. The Zr/AlN junction likely exhibits a narrower depletion width (WD) than the Ti/AlN junction at low temperatures, allowing thermally assisted tunneling through the barrier (TFE process). Two factors may contribute to this difference: first, interfacial reactions between Zr and AlN during 950°C RTA [18],[19], which is expected to generates more nitrogen vacancies and lowers the local conduction band edge (EC,s), thereby reducing WD; secondly, the resulting Zr-Al-N interfacial layer (Fig. 1c) has lower band offset to AlN relative to Ti [27], further decreasing the Schottky barrier and narrowing the depletion region. The zero-bias WD for both contacts was extracted from C-V measurements, where the capacitance at 0 V corresponds to two junction capacitors (Cj0) in series (Fig. 3e). The Zr contact exhibits a smaller WD at low temperatures (Fig. 3f).[image: ]
Fig. 5. (a) Temperature-dependent I-V characteristics of an SBD with Zr cathode. Inset: top-view schematic of the diode. (b) Ideality factor/barrier height and (c) Ron,sp (the slope of linear I-V region) as a function of temperature. (d) Breakdown characteristics at 25°C for various LAC. Inset: TEM image of the heteroepitaxial AlN with threading dislocations (TDs) from the interface. (e) Benchmarking of this work against other AlN and GaN SBDs. Dashed line indicates the extracted BFOM for AlN SBDs at 25°C.
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Fig. 4. (a) Measured TLM I-V characteristics of Zr-contact device at 450°C. The extracted (b) Rsh and (c) c as a function of temperature for the two contacts and literature with different configurations. (c) c comparison of different reported contacts to n-type AlN at RT. 

Furthermore, temperature-dependent Rsh and ρc extracted from TLM are shown in Fig. 4b, with representative ohmic-like I-V curves for the Zr contact in Fig. 4a. Rsh values for both contacts overlap well across all temperatures, confirming the uniformity of the Si-doped AlN film. Rsh decreases rapidly below ~300°C due to dopant ionization dopants and increased carrier density, then saturates near 10 kΩ/◻︎ above 400°C as mobility degradation offsets further carrier increase. In contrast, ρc reduces over two orders of magnitude for the Zr contact, reaching 5.7×10-5 Ω·cm2 at 500°C, whereas the Ti contact shows a ~30× reduction to 7.7×10-3 Ω·cm2 at 600°C. Notably, a sharp rise in ρc occurs for the Zr contact above 500°C, while the Ti contact shows only a slight increase beyond 600°C. Compared to previous AlN contact studies [10],[22], our Zr-contact devices exhibit similar temperature dependency, with notably lower ρc. Among various AlN contact technologies listed in Fig. 4c, such as Ti on AlN [9],[12], V on Al0.9Ga0.1N [22] and using highly doped graded AlGaN as contact layer [7], the Zr contact reveals comparably low ρc.
To provide device-level validation, Zr contact was further implemented as the cathode for AlN SBDs. Fig. 5a shows the forward I-V characteristics of a lateral circular SBD (inset) with LAC = 3 μm measured up to 500°C. The measured devices show high thermal stability and nearly a constant I-V characteristic for >103 s. The on/off current ratio is ~108 at RT, increasing to ~109 at 300°C due to enhanced on-current, while higher temperatures cause off-current rise. The ideality factor (η) and apparent barrier height (ϕB) were extracted by fitting ln(J) ≈ qV/ηkT + ln(J0) (Fig. 5b), where the slope and intercept yield η and J0, respectively. The barrier height was then calculated using ϕB = (kT/q)⋅ln(A*T2/J0), with A* = 38.4 A⋅cm-2K-2 (electron effective mass of 0.32m0) for AlN [28]. As temperature increases, η drops from 2.9 to 1.08, and ϕB increases to ~2.5 eV at 500°C. The relatively large η observed at RT is likely due to Schottky barrier inhomogeneity at the metal/AlN interface [26] together with defect-induced carrier transport [22], both of which introduce non-ideal current components beyond pure thermionic emission. Fig. 5c shows Ron,sp decreasing by over two orders of magnitude with temperature, reaching <20 mΩ·cm2 at 400°C. RT breakdown measurements in Fluorinert FC-70 (Fig. 5d) reveal an average breakdown field >1 MV/cm for LAC up to 5 µm, and VBD >1.2 kV with 50-µm LAC. The reverse leakage current may be attributed to conductive paths at the n-AlN/SiC interface (Fig. 5d inset), and introducing an undoped AlN interlayer is expected to suppress leakage by improving the interface and forming a back barrier. As summarized in Fig. 5e, our AlN SBDs with Zr contact exhibit the lowest Ron,sp among reported lateral AlN SBDs [10],[11],[23],[26],[29] despite still a higher value than quasi-vertical AlN [30] and GaN SBDs [31],[32]. Thanks to the significant reduction in Ron,sp with temperature, the BFOM (/Ron,sp) improves by ~10 times at 300 and 500°C compared to RT, and exceeds reported Ga2O3 counterparts at the same temperature [33]. This highlights the strong potential for high-temperature electronics. The observed VBD reduction at high temperatures is primarily attributed to measurements performed in air without Fluorinert passivation, and further improvement in high-temperature BFOM is expected with optimized passivation to avoid surface flashover.
Conclusion
We present a Zr-based metal stack for n-type AlN ohmic contact that achieves substantially lower contact resistivity than conventional Ti contacts from RT up to 800°C, enabled by the TFE-dominated carrier transport at the Zr/AlN contact interface. The resulting devices exhibit record-low Ron,sp among all reported lateral AlN SBDs with similar breakdown voltages and ~10× enhanced BFOM at 300 and 500°C compared to RT. These findings identify Zr as a promising contact metal for high-performance, high-temperature AlN power devices, paving the way toward practical ultrawide-bandgap electronics.  
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