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SHORT ABSTRACT: 
Attainment of high-quality Schottky contacts is imperative for achieving efficient gate modulation in heterostructure field effect transistors (HFETs). We present the fabrication methodology and characteristics of Schottky diodes on Zn-polar BeMgZnO/ZnO heterostructures with high-density two dimensional electron gas (2DEG), grown by plasma-assisted molecular beam epitaxy on GaN templates.

LONG ABSTRACT: 
Heterostructure field effect transistors (HFETs) utilizing a two dimensional electron gas (2DEG) channel have a great potential for high speed device applications. Zinc oxide (ZnO), a semiconductor with a wide bandgap (3.4 eV) and high electron saturation velocity has gained a great deal of attention as an attractive material for high speed devices. Efficient gate modulation, however, requires high-quality Schottky contacts on the barrier layer. In this article, we present our Schottky diode fabrication procedure on Zn-polar BeMgZnO/ZnO heterostructure with high density 2DEG which is achieved through strain modulation and incorporation of a few percent Be into the MgZnO-based barrier during growth by molecular beam epitaxy (MBE). To achieve high crystalline quality, nearly lattice-matched high-resistivity GaN templates grown by metal-organic chemical vapor deposition (MOCVD) are used as the substrate for the subsequent MBE growth of the oxide layers. To obtain the requisite Zn-polarity, careful surface treatment of GaN templates and control over the VI/II ratio during the growth of low temperature ZnO nucleation layer are utilized. Ti/Au electrodes serve as Ohmic contacts, and Ag electrodes deposited on the O2 plasma pretreated BeMgZnO surface are used for Schottky contacts.

INTRODUCTION: 
[bookmark: _GoBack]Heterostructure field effect transistors (HFETs) based on two dimensional electron gas (2DEG) have a promising potential for the applications in high speed electronic devices1-3. Zinc oxide (ZnO) as a wide bandgap (3.4 eV) semiconductor with high electron saturation velocity has gained considerable attention as a platform for HFETs4,5. Conventionally used barrier material MgZnO ternary necessitate  a very high Mg content (>40%) grown at low substrate temperatures (300 °C or lower)6,7, and as such these structures are apt to degrade under high power operations and during thermal treatments, even if the unwanted charge density in the barrier is low enough for gate modulation. To circumvent this obstacle, we have proposed and adopted BeMgZnO as the barrier, in which the strain sign in the barrier can be switched from compressive to tensile via the incorporation of beryllium (Be), making the spontaneous and piezoelectricpolarizations to be additive. As a result, high 2DEG concentration can be achieved with relatively moderate Mg content. Utilizing this approach, high 2DEG densities is observed near the plasmon-LO phonon resonance (~7×1012 cm-2) in BeMgZnO/ZnO heterostructures while the Mg content below is 30% and the Be content is only at 2~3%8.

Due to its similar crystal symmetry, UV and visible light transparency, robust physical and chemical properties, and low cost, c-plane sapphire is widely employed for epitaxy of both GaN and ZnO. Thanks to the remarkable progress achieved in the growth technology of GaN-based electronic and optoelectronic devices on saphhire, high quality GaN templates can be easily produced on sapphire substrates by using AlN or low-temperature (LT) GaN buffer, despite its large lattice mismatch of 16% with sapphire9. Epitaxial growth of ZnO, which has an even larger in-plane lattice mismatch of 18% with sapphire, is relatively well understood for O-polar variety, while the growth of Zn-polar material in two-dimensional mode is not well established. Due to the moderate lattice mismatch of 1.8%, epitaxy of ZnO on GaN is an attractive alternative. 

Both MOCVD and MBE are the most successful semiconductor deposition techniques for fabricating high-quality thin films and heterostructures with high reproducibility. The main reason that MBE is less popular than MOCVD for epitaxy of GaN is the cost and inadequacy for mass production. The growth rate in GaN by MOCVD can be several micrometers per hour, and tens of 2 inch (50 mm) diameter wafers or those as large as 6–8” can be grown in one run9. Here, we also adopt MOCVD for the growth of GaN in our study. For the growth of ZnO-based heterostructures, however, more reports on the formation of 2DEG are realized by MBE at the present time prior to the commercialization of the potential applications10-12. Recently, we have developed MBE growth of high quality ZnO heterostructures with an accurate control of surface polarity on Ga-polar GaN templates13. It was found that with Zn pre-exposure treatment, ZnO layers so grown exhibited Zn-polarity when nucleated with low VI/II ratios (<1.5), while those nucleated with VI/II ratios above 1.5 exhibited O-polarity. To avoid parallel conduction channel through GaN templates, we adopted carbon compensated semi-insulating GaN MOCVD grown under low-pressure conditions on AlN buffer for the subsequent growth of ZnO-based HFET structures.

Prior to our work14, there has been no reports on the investigation of Schottky diodes on BeMgZnO/ZnO heterostructures. Only several studies have reported on Schottky contacts to MgZnO15,16, e.g., with an ideality factor of 2.37, a barrier height of 0.73 eV, and a rectification ratio of only 103 15. Various Schottky metals have been used for ZnO17, and among them, silver (Ag) has been widely adopted, due to a relatively high Schottky barrier height of 1.11 eV on bulk ZnO with an ideality factor of 1.08 18. 

In this work, we aim to fabricate high-quality Schottky diodes for the applications in ZnO-based high-speed HFET devices. The following protocol applies specifically to the fabrication of Ag/BeMgZnO/ZnO Schottky diodes by e-beam evaporation of Ag on the BeMgZnO/ZnO heterostructures grown by plasma-assisted MBE on MOCVD-deposited GaN templates.

PROTOCOL:

1. [bookmark: _Hlk514805464]Growth and Preparation of GaN Template for MBE Growth

1.1. Growth of semi-insulating GaN template by MOCVD

1.1.1. Ensure that the gate valve isolating the load-lock chamber from the reactor is closed. Vent the load-lock with N2 to atmospheric pressure. Open the load-lock to take out the substrate holder.

1.1.2. Load the 2-inch sapphire substrate on the holder and then place the holder back into the load lock. Pump down the load-lock pressure down to 2.5×10-2 Torr by a mechanical dry pump.

1.1.3. Vent the load-lock with N2 to equalize its pressure with that in the reactor chamber (15 Torr).

1.1.4. Open the load-lock isolation gate valve and load the holder into the sample holder assembly in the reactor. Turn on the rotation motor and set the substrate-holder rotation speed of 100 rpm. Then close the gate valve.

1.1.5. Ensure that the cooling water is running, both H2 and NH3 supply is sufficient, mass flow controller (MFC) and pressure controller (PC) readings are the same as the setpoints, and the substrate holder is rotating. 

1.1.6. Switch the system gas from N2 to H2. Turn on the in situ optical reflectance monitor.

1.1.7. Initiate the growth by starting the recipe file, which preinstalls all the growth parameters including the ramping of substrate temperatures, gas flow rates, and reactor pressure, and switching of valves.

1.1.8. Ramp up the reactor pressure to 30 Torr in 3 min and the substrate temperature to 1055 °C to desorb residual contaminations from the substrate surface for 3 min in H2 environment.

1.1.9. Ramp down the substrate temperature to 938 °C for the nucleation and growth of low-temperature (LT) AlN buffer layer.

1.1.10. Stabilize the trimethylaluminum (TMAl) flow as 12.6 standard cubic centimeter per minute (sccm) and ammonia (NH3) flow as 7 sccm and the substrate temperature for 3 min.

1.1.11. Initiate the growth of the LT-AlN layer by switching TMAl from vent to the run line. 

1.1.12. Control the thickness of the LT-AlN layer by using a custom-built reflectivity measurement system, which includes a 637-nm laser diode, a p-i-n Si photodetector, and a Labview-based software. Determine the growth rate from the period of reflectivity oscillations19,20. In selected samples, use cross-sectional scanning electron microscopy and transmission electron microscopy images to confirm the accuracy of in situ monitoring. 

1.1.13. Keep the growth for 6 min to reach a thickness of ~20 nm, then ramp up the substrate temperature to 1110 °C in 3 min without a growth interruption and continue the growth of AlN layer to a thickness of 300 nm, as monitored by the evolution of the oscillation of the in situ optical reflectance.

1.1.14. Switch TMAl from run to vent and then to idle line to stop the AlN growth. Stabilize the trimethylgallium (TMGa) flow at 16 sccm, ramp up the NH3 flow to 7000 sccm and stabilize for 1 min. Ramp up the reactor pressure to 76 Torr in 1 min. Ramp up the substrate temperature to 1117 °C in 1 min.

1.1.15. Nucleate and grow a GaN recovery layer with a thickness of ~400 nm, while monitoring the reflectivity evolution. Initially the reflectivity exhibits a sharp decrease when GaN islands nucleate on AlN surface and then recovers the intensity to the original level corresponding to an atomically flat surface when the islands coalesce.

1.1.16. Ramp up the substrate to 1130 °C in 2 min. Grow the high-temperature semi-insulating GaN layer with a thickness of ~2.5 m. Stop the growth by switching TMGa from run to vent and then to idle line.

1.1.17. Cool down the substrate to room temperature over a 40 min period.

1.1.18. Ramp down the reactor pressure to 15 Torr over a 1.5 min period.

1.1.19. Unload the substrate from the reactor by following the reverse procedure of steps 1.1.1-1.1.4.

1.2. GaN template preparation and loading to MBE reactor

1.2.1. Cut the 2-inch GaN template into 6 equal pie-shaped pieces by using a diamond scriber.

1.2.2. Prepare aqua regia acid solution inside the acid fume hood by adding nitric acid (HNO3, 68.0-70.0 w/w%, 50 mL) to hydrochloric acid (HCl, 36.5-38.0 w/w%, 150 mL) slowly into a quartz beaker. 

1.2.3. Put the aqua regia beaker on a hot plate with a temperature of 220 °C.

1.2.4. After the appearance of an orange/red color and gas bubbles, soak one pie-shaped GaN template in the solution and boil it for 10 min.

1.2.5. Rinse the GaN template in running de-ionized (DI) water for 3 min.

1.2.6. Soak the GaN template in HCl (36.5-38.0 w/w%):H2O solution (1:1) for 3 min to remove Ga oxide.

1.2.7. Rinse the GaN template in running DI water for 5 min.

1.2.8. Dry the template with N2 gas.

1.2.9. Put the cleaned GaN template on a Mo holder and load it into MBE load-lock chamber immediately.

1.2.10. Start pumping down the load-lock by a mechanical dry pump.

2. MBE Growth of BeMgZnO/ZnO Heterostructures 

2.1. Preparation of the effusion cells

2.1.1. After pumping down the load-lock for 1 h, start the preparation of the Zn, Mg, Be effusion cells. Set the upper zone temperature of the double-zone Zn cell to 525 °C with a ramping rate of 17 °C/min, wait for 5 min then ramp down to 515 °C with a ramping rate of 5 °C/min. Set the Mg cell temperature to 570 °C with a ramping rate of 15 °C/min, after reaching the set point, wait for 10 min then ramp the Mg cell down to 300 °C. Set the Be cell temperature to 900 °C with a ramping rate of 10 °C/min, after reaching the set point, wait for 3 min then ramp the cell down to 650 °C. 

2.1.2. After 30 min, set the lower zone temperature of the double-zone Zn cell to 360 °C with a ramping rate of 10 °C/min.

2.1.3. After pumping down the load-lock for 2 h to reach a pressure of ~5×10-7 Torr, turn on the reflection high-energy electron diffraction (RHEED) system, and load the GaN template into the MBE chamber.

2.1.4. Tune the angle of the GaN template by rotating the manipulator to monitor the RHEED pattern evolution along [1-100] azimuthal direction.

2.1.5. Set the lower zone temperature of the double-zone Zn cell to 355 °C with a ramping rate of 10 °C/min.

2.2. Polarity control of ZnO on GaN and growth of LT-ZnO buffer

2.2.1. Ramp up the substrate temperature to 615 °C with a ramping rate of 13.6 °C/min to desorb the residual contaminations from the substrate surface for 15 min.

2.2.2. Ramp down the substrate temperature from 615 to 280 °C with a ramping rate of 13.6 °C/min for the growth of LT-ZnO. When the temperature reaches 550 °C, open the Zn cell shutter to expose the GaN template surface with Zn flux. Turn on O2 plasma power supply, set the power as 100 W, and check to verify that O2 gas line is closed.

2.2.3. When the temperature reaches 280 °C, set the O2 plasma power to 400 W, set the O2 flow rate to 0.3 sccm to ignite the plasma then decrease the O2 flow rate to 0.25 sccm.

2.2.4. Wait for 1 min, then open the O2 shutter to start the growth of LT-ZnO buffer layer.

2.2.5. Record a RHEED pattern every 5 min. After growing for approximately 15 min corresponding to a buffer thickness of ~20 nm, when the RHEED pattern changes from stripes (2D mode) to elliptical spots (3D mode), close both Zn and O2 shutters to stop the growth. 

2.2.6. Set the O2 flow rate to 0.4 sccm, and set the substrate temperature to 730 °C with a ramping rate of 13.6 °C/min to anneal the LT-ZnO buffer layer. Set the lower zone temperature of the double-zone Zn cell to 345 °C with a ramping rate of 10 °C/min for the growth of HT-ZnO layer.

2.2.7. When the substrate temperature reaches the set-point of 730 °C, wait for 5 min and check the ZnO surface by RHEED. When the RHEED pattern transits from 3D to 2D, stop annealing by ramping down the substrate temperature to 680 °C.

2.3. Growth of high-temperature ZnO layer

2.3.1. When the substrate temperature reaches 680 °C and stabilizes, increase the O2 flow rate to 3.2 sccm.

2.3.2. Start the growth of HT-ZnO layer by opening both Zn and O2 shutters concurrently.

2.3.3. Grow the HT-ZnO layer for ~140 min to reach a thickness of ~300 nm. Record the RHEED patterns several times during the growth to confirm the 2D growth mode.

2.3.4. Stop the growth of HT-ZnO layer by closing both Zn and O2 shutters concurrently.

2.4. Growth of BeMgZnO barrier

2.4.1. Set the O2 flow rate to 0.3 sccm, set the Be cell temperature to 820 °C with a ramping rate of 10 °C/min, set the Mg cell temperature to 480 °C with a ramping rate of 15 °C/min, and set the substrate temperature to 325 °C with a ramping rate of 13.6 °C/min for the growth of the BeMgZnO barrier.

2.4.2. When the substrate temperature stabilizes, increase the O2 flow rate to 1.25 sccm, and start the growth by concurrent opening the Zn, Mg, Be, and O2 shutters.

4. Grow the BeMgZnO barrier layer for ~12 min to reach a thickness of ~30 nm. Record RHEED patterns several times during the growth to monitor the growth mode evolution.

2.4.4. Stop the growth of BeMgZnO layer by closing the Mg and Be shutter, while keeping the Zn and O2 shutter open for 1 min to have a ~2 nm thick ZnO cap layer.

2.4.5. Finish the growth by closing both Zn and O2 shutters.

2.4.6. Ramp down the substrate temperature to its standby temperature 150 °C. Decrease the O2 flow rate to 0.25 sccm.

2.4.7. When the substrate temperature is below 250 °C, decrease the O2 plasma power to 100 W, turn off O2 plasma power supply, decrease the O2 flow rate to 0, close the O2 gas line, and cool down the cell temperatures to standby conditions.

2.4.8. Wait for the substrate temperature to reach the standby temperature 150 °C, open the growth chamber gate valve and unload the wafer holder to the load-lock chamber.

2.4.9. Vent the load-lock chamber with N2 gas and take out the sample.

3. Characterizations

3.1. Roughly measure the thickness of the sample by using a step-profiler, through the covered area on the edge of the sample.

3.2. Evaluate the thickness, strain and structural quality of the heterostructure by using high resolution X-Ray diffraction (HRXRD) (2- scans of (0002) reflection).

3.3.  Cut the sample into 5×5 mm2 square piece by using a diamond scriber. Investigate the electronic properties of the sample by using temperature dependent Hall Effect measurements in the van der Pauw geometry, with indium (In) dots as contact electrodes.

3.4.  Check the surface morphology by using atomic force microscopy (AFM).

4. Fabrication of Schottky Diodes

4.1. Fabrication of Ohmic contacts on BeMgZnO/ZnO heterostructures

4.1.1. Degrease the sample (~20×20 mm2 in size) with acetone in an ultrasonic cleaner for 5 min, followed by cleaning with methanol in the ultrasonic cleaner for 5 min, rinsing in DI water for 5 min, and blowing dry with N2.

4.1.2. Spin coat photoresist with 1000 rpm for 3 s and then 3000 rpm for 30 s.

4.1.3. Soft bake the photoresist at 100 °C for 140 s.

4.1.4. Expose with UV light through the Ohmic contact mask at 6.5 mW UV lamp power for 2.38 min on photolithography mask aligner. 

4.1.5. Post bake the photoresist at 110 °C for 80 s.

4.1.6. Develop in a developer for 60 s with a shaking frequency of 1/s.

4.1.7. Rinse in DI water for 3 min, and blow dry with N2.

4.1.8. Load the sample into the electron beam evaporator.

4.1.9. Without heating the sample, deposit Ti/Au with a thickness of 30/50 nm, as measured by quartz crystal thickness monitor.

4.1.10. Lift-off in acetone, followed by cleaning in methanol for 5 min, rinsing in DI water for 5 min, and blowing dry with N2.

4.1.11. Anneal the contact by rapid thermal annealer (RTA) at 300 °C for 30 s.

4.1.12. Check contact resistance through transition line model (TLM) measurement21.

4.2. Fabrication of Schottky contacts on BeMgZnO/ZnO heterostructures

4.2.1. Follow steps 4.1.1-4.1.7 for photolithography of Schottky contact.

4.2.2. Treat the sample surface with remote O2 plasma for 5 min with an O2 flow of 35 sccm and an RF power of 50 W.

4.2.3. Follow steps 4.1.8-4.1.10 for the deposition of Ag with a thickness of 50 nm.

4.2.4. Characterize the obtained structure by I-V measurements for the Schottky diodes17.

REPRESENTATIVE RESULTS: 
The left column of Figure 1 shows the evolution of RHEED pattern recorded along the [1-100] azimuthal direction during MBE growth of a Be0.02Mg0.26ZnO/ZnO heterostructure with a 300 nm thick HT-ZnO layer and a 30 nm thick Be0.02Mg0.26ZnO barrier. The right column shows representative surface morphologies at different growth stages (not from the same sample). As evidenced from the appearance of a spotty RHEED pattern, the LT-ZnO buffer layer is of three-dimensional (3D) island growth mode nature. Its surface morphology was improved by thermal annealing treatment at a temperature above 700 °C. It is clearly seen that the surface transformed from 3D to 2D morphology. The subsequent HT-ZnO layer continues to grow in a 2D mode, followed by the 2D growth of Be0.02Mg0.26ZnO layer without the formation of a second phase. AFM measurements have shown that the GaN template has a root mean square (RMS) roughness of 0.28 nm for 5×5 m2 scan. A smooth surface with an RMS roughness of 0.35 nm is obtained for the HT-ZnO layer without a barrier by growing under O-rich condition and an RMS roughness of 0.45 nm is observed after the growth of BeMgZnO barrier.

HRXRD triple-axis 2- scan for a typical Zn-polar Be0.02Mg0.26ZnO/ZnO heterostructure with a 300 nm thick HT-ZnO layer, and a 50 nm thick Be0.02Mg0.26ZnO barrier layer is shown in Figure 2. The reflections at 34.46 o, 34.54 o, and 34.75 o are consistent with (0002) reflections of ZnO, GaN, and Be0.02Mg0.26ZnO, respectively. Note that the broadening of the reflection from Be0.02Mg0.26ZnO is due to its thinness. The tensile biaxial strain in the ZnO layer is an indication of the Zn-polar heterostructure, as investigated in our previous study13. Be and Mg contents in the BeMgZnO quaternary were calculated from the Bragg angle of its XRD (0002) reflection and emission photon energy in LT-photoluminescence (LT-PL) spectrum measured at 13 K (not shown). 

Figure 3 shows the results of temperature-dependent Hall Effect measurements for a Be0.02Mg0.26ZnO/ZnO heterostructure. The sheet carrier concentration reduced from 8.8×1012 cm-2 to 6.4×1012 cm-2 when the sample was cooled down from room temperature (293 K) to approximately 100 K. With further cooling to 13 K, the sheet carrier concentration saturates at 6.2×1012 cm-2. This finding manifests that the observed reduction in electron concentration is originated from the contributions from parallel conduction channels which include defective nucleation layer and HT-ZnO layer as well as the Be0.02Mg0.26ZnO barrier, if any. This trend has also been reported for MgZnO/ZnO heterostructures10,22. The electron mobility in the Be0.02Mg0.26ZnO/ZnO heterostructure monotonically increases with decreasing temperature; both the 293 K mobility of 206 cm2/Vs and the 13 K mobility of 1550 cm2/Vs are comparable to the values in the literature22,23. The evolution of the electronic properties as a function of temperature clearly indicates the presence of 2DEG at the Be0.02Mg0.26ZnO/ZnO heterointerface.

Figure 4 shows the current-voltage (I-V) curves measured at room temperature for four representative Ag/Be0.02Mg0.26ZnO/ZnO Schottky diodes with a Schottky area of 1.1×10-4 cm2 within one wafer. The forward currents increase exponentially with applied voltage up to 0.25 V, beyond which the voltage drops across the series resistance become apparent. The highest Schottky barrier height of Φap of 1.07 eV was attained with an ideality factor n of 1.22. Rectification ratios of about 1×108 are achieved by using the current values measured at V=±2 V.

[bookmark: Figure_Legends]FIGURE & TABLE LEGENDS:  
Figure 1. Surface characterization. Left column shows the RHEED patterns taken along the [1-100] azimuthal direction during MBE growth of a Be0.02Mg0.26ZnO/ZnO heterostructure, and right column presents the surface morphologies of the GaN template, HT-ZnO layer, and Be0.02Mg0.26ZnO layer measured by AFM. LT-ZnO buffer technology enables the 2D-mode growth of high-quality ZnO heterostructures on low lattice-mismatched GaN templates.

Figure 2. HRXRD of the heterostructure. HRXRD triple-axis 2- scan of a typical Zn-polar Be0.02Mg0.26ZnO/ZnO heterostructure with a 50 nm thick Be0.02Mg0.26ZnO barrier layer . The reflections at 34.46 o, 34.54 o, and 34.75 o are consistent with (0002) reflections of ZnO, GaN, and Be0.02Mg0.26ZnO, respectively.

Figure 3. Electronic Properties of the heterostructure. Temperature dependences of sheet carrier density and electron mobility of a Zn-polar Be0.02Mg0.26ZnO/ZnO heterostructure. 

Figure 4. Schottky diodes. Typical I-V characteristics of four representative Ag/Be0.02Mg0.26ZnO/ZnO Schottky diodes measured at room-temperature. The similarity of the four I-V curves indicates the high in-wafer uniformity of the sample.

DISCUSSION: 
Incorporation of BeO into MgZnO to form the quaternary BeMgZnO provides the feasibility to tune the extent and sign of strain in the quaternary and hence significantly increases the 2DEG density8. The representative results show that the Be0.02Mg0.26ZnO/ZnO heterostructure results in a 2DEG density close to the desired plasmon-LO phonon resonance electron density (~7×1012 cm-2)24. Although the electron mobility of the heterostructure strongly depends on the MBE growth parameters such as the substrate temperature and VI/II ratio of both the HT-ZnO and the BeMgZnO barrier layer, the 2DEG density is weakly dependent on the growth conditions and mainly determined by the Be and Mg content in the barrier. 

A GaN template is used for the growth of BeMgZnO/ZnO heterostructures with high crystalline quality owing to the moderate lattice mismatch of 1.8% between GaN and ZnO, compared with a large lattice mismatch of 18% between sapphire and ZnO. To avoid any conductive parallel channel, it is critical to have a high resistance in the M/square range for the GaN template. In our case, this is achieved by growing at a low chamber pressure of 76 Torr to enhance carbon compensation. To ensure the polarity control in the BeMgZnO/ZnO heterostructures (Zn-polarity), careful surface treatment of GaN template is indispensable. Any oxidation or contamination introduced during the preparation on the GaN surface would induce Zn- and O- mix-polarity in the heterostructures even the determinant VI/II ratio <1.5 is fulfilled.

Any chemical reaction between the metal and the semiconductor, the presence of surface contaminants, states, defects in the vicinity of the surface, and the diffusion of metal into the semiconductor are common problems in the field of the fabrication of Schottky contacts. A variety of methods has been reported in the literature for preparing the surface of ZnO for Schottky contact fabrication. Among them are etching in HCl (or other acids), physical etching with Ar+, UV Ozone cleaning, treatment in H2O2, and O2 plasma (or mixture with He)25-28. The etching procedures aim for the removal of a surface layer with thickness a ranging from a few nanometers to microns and therefore cannot be applied for HFET devices. The UV-Ozone cleaning or O2 plasma procedure removes only the surface layer. Therefore, it is well suited for the surface preparation of our BeMgZnO/ZnO heterostructures.

Usually Schottky contacts are achieved by depositing a high work function metal such as Pd, Pt, Ir, etc. In contrast, Ag has a low work function of 4.26 eV. Despite that, devices utilizing Ag electrode can show rectifying behavior owing to the formation of an interface silver oxide layer caused by partial oxidation of Ag with oxygen from ZnO matrix. The so formed oxide layer is transparent for electrons and has higher work function compared to Ag. Raju et al. have reported work functions around 5.5 eV for AgO grown by pulsed laser deposition (PLD), which is 1.3 eV higher than that of Ag, and close to the characteristic of Pd, Pt, and Ir29. Our results indicate that that Ag electrode (with O2 plasma pretreatment on the surface of ZnO heterostructure) is a promising contact metal for the formation of Schottky diodes.

We have demonstrated a method for fabricating high quality Schottky contacts for ZnO-based HFETs. MOCVD grown GaN template with careful surface preparation just prior to MBE growth and a low VI/II ratio <1.5 during ZnO nucleation ensure the Zn-polar orientation of the ZnO-based heterostructures with high quality. MOCVD is a widely-used mature technique for epitaxy of GaN for various applications. The MBE procedure described in this work indicates the combinability of MOCVD and MBE techniques, and GaN and oxide semiconductors for electronic devices. Incorporation of a small amount of Be into the BeMgZnO barrier layer results in HFETs with high 2DEG density, high electron mobility, and high thermal stability, for enhanced high speed performance. 
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