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SHORT ABSTRACT:  25 
Attainment of high-quality Schottky contacts is imperative for achieving efficient gate 26 
modulation in heterostructure field effect transistors (HFETs). We present the fabrication 27 
methodology and characteristics of Schottky diodes on Zn-polar BeMgZnO/ZnO 28 
heterostructures with high-density two dimensional electron gas (2DEG), grown by 29 
plasma-assisted molecular beam epitaxy on GaN templates. 30 
 31 
LONG ABSTRACT:  32 
Heterostructure field effect transistors (HFETs) utilizing a two dimensional electron gas (2DEG) 33 
channel have a great potential for high speed device applications. Zinc oxide (ZnO), a 34 
semiconductor with a wide bandgap (3.4 eV) and high electron saturation velocity has gained a 35 
great deal of attention as an attractive material for high speed devices. Efficient gate 36 
modulation, however, requires high-quality Schottky contacts on the barrier layer. In this article, 37 
we present our Schottky diode fabrication procedure on Zn-polar BeMgZnO/ZnO 38 
heterostructure with high density 2DEG which is achieved through strain modulation and 39 
incorporation of a few percent Be into the MgZnO-based barrier during growth by molecular 40 
beam epitaxy (MBE). To achieve high crystalline quality, nearly lattice-matched high-resistivity 41 
GaN templates grown by metal-organic chemical vapor deposition (MOCVD) are used as the 42 
substrate for the subsequent MBE growth of the oxide layers. To obtain the requisite 43 
Zn-polarity, careful surface treatment of GaN templates and control over the VI/II ratio during 44 
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the growth of low temperature ZnO nucleation layer are utilized. Ti/Au electrodes serve as 45 
Ohmic contacts, and Ag electrodes deposited on the O2 plasma pretreated BeMgZnO surface 46 
are used for Schottky contacts. 47 
 48 
INTRODUCTION:  49 
Heterostructure field effect transistors (HFETs) based on two dimensional electron gas (2DEG) 50 
have a promising potential for the applications in high speed electronic devices1-3. Zinc oxide 51 
(ZnO) as a wide bandgap (3.4 eV) semiconductor with high electron saturation velocity has 52 
gained considerable attention as a platform for HFETs4,5. Conventionally used barrier material 53 
MgZnO ternary necessitate  a very high Mg content (>40%) grown at low substrate 54 
temperatures (300 °C or lower)6,7, and as such these structures are apt to degrade under high 55 
power operations and during thermal treatments, even if the unwanted charge density in the 56 
barrier is low enough for gate modulation. To circumvent this obstacle, we have proposed and 57 
adopted BeMgZnO as the barrier, in which the strain sign in the barrier can be switched from 58 
compressive to tensile via the incorporation of beryllium (Be), making the spontaneous and 59 
piezoelectricpolarizations to be additive. As a result, high 2DEG concentration can be achieved 60 
with relatively moderate Mg content. Utilizing this approach, high 2DEG densities is observed 61 
near the plasmon-LO phonon resonance (~7×1012 cm-2) in BeMgZnO/ZnO heterostructures 62 
while the Mg content below is 30% and the Be content is only at 2~3%8. 63 
 64 
Due to its similar crystal symmetry, UV and visible light transparency, robust physical and 65 
chemical properties, and low cost, c-plane sapphire is widely employed for epitaxy of both GaN 66 
and ZnO. Thanks to the remarkable progress achieved in the growth technology of GaN-based 67 
electronic and optoelectronic devices on saphhire, high quality GaN templates can be easily 68 
produced on sapphire substrates by using AlN or low-temperature (LT) GaN buffer, despite its 69 
large lattice mismatch of 16% with sapphire9. Epitaxial growth of ZnO, which has an even larger 70 
in-plane lattice mismatch of 18% with sapphire, is relatively well understood for O-polar variety, 71 
while the growth of Zn-polar material in two-dimensional mode is not well established. Due to 72 
the moderate lattice mismatch of 1.8%, epitaxy of ZnO on GaN is an attractive alternative.  73 
 74 
Both MOCVD and MBE are the most successful semiconductor deposition techniques for 75 
fabricating high-quality thin films and heterostructures with high reproducibility. The main 76 
reason that MBE is less popular than MOCVD for epitaxy of GaN is the cost and inadequacy for 77 
mass production. The growth rate in GaN by MOCVD can be several micrometers per hour, and 78 
tens of 2 inch (50 mm) diameter wafers or those as large as 6–8” can be grown in one run9. 79 
Here, we also adopt MOCVD for the growth of GaN in our study. For the growth of ZnO-based 80 
heterostructures, however, more reports on the formation of 2DEG are realized by MBE at the 81 
present time prior to the commercialization of the potential applications10-12. Recently, we have 82 
developed MBE growth of high quality ZnO heterostructures with an accurate control of surface 83 
polarity on Ga-polar GaN templates13. It was found that with Zn pre-exposure treatment, ZnO 84 
layers so grown exhibited Zn-polarity when nucleated with low VI/II ratios (<1.5), while those 85 
nucleated with VI/II ratios above 1.5 exhibited O-polarity. To avoid parallel conduction channel 86 
through GaN templates, we adopted carbon compensated semi-insulating GaN MOCVD grown 87 
under low-pressure conditions on AlN buffer for the subsequent growth of ZnO-based HFET 88 



  

   
 

structures. 89 
 90 
Prior to our work14, there has been no reports on the investigation of Schottky diodes on 91 
BeMgZnO/ZnO heterostructures. Only several studies have reported on Schottky contacts to 92 
MgZnO15,16, e.g., with an ideality factor of 2.37, a barrier height of 0.73 eV, and a rectification 93 
ratio of only 103 15. Various Schottky metals have been used for ZnO17, and among them, silver 94 
(Ag) has been widely adopted, due to a relatively high Schottky barrier height of 1.11 eV on bulk 95 
ZnO with an ideality factor of 1.08 18.  96 
 97 
In this work, we aim to fabricate high-quality Schottky diodes for the applications in ZnO-based 98 
high-speed HFET devices. The following protocol applies specifically to the fabrication of 99 
Ag/BeMgZnO/ZnO Schottky diodes by e-beam evaporation of Ag on the BeMgZnO/ZnO 100 
heterostructures grown by plasma-assisted MBE on MOCVD-deposited GaN templates. 101 

 102 
PROTOCOL: 103 
 104 
1. Growth and Preparation of GaN Template for MBE Growth 105 

 106 
1.1. Growth of semi-insulating GaN template by MOCVD 107 

 108 
1.1.1. Ensure that the gate valve isolating the load-lock chamber from the reactor is closed. 109 
Vent the load-lock with N2 to atmospheric pressure. Open the load-lock to take out the 110 
substrate holder. 111 

 112 
1.1.2. Load the 2-inch sapphire substrate on the holder and then place the holder back into 113 
the load lock. Pump down the load-lock pressure down to 2.5×10-2 Torr by a mechanical dry 114 
pump. 115 
 116 
1.1.3. Vent the load-lock with N2 to equalize its pressure with that in the reactor chamber (15 117 
Torr). 118 
 119 
1.1.4. Open the load-lock isolation gate valve and load the holder into the sample holder 120 
assembly in the reactor. Turn on the rotation motor and set the substrate-holder rotation 121 
speed of 100 rpm. Then close the gate valve. 122 

 123 
1.1.5. Ensure that the cooling water is running, both H2 and NH3 supply is sufficient, mass 124 
flow controller (MFC) and pressure controller (PC) readings are the same as the setpoints, and 125 
the substrate holder is rotating.  126 
 127 
1.1.6. Switch the system gas from N2 to H2. Turn on the in situ optical reflectance monitor. 128 
 129 
1.1.7. Initiate the growth by starting the recipe file, which preinstalls all the growth 130 
parameters including the ramping of substrate temperatures, gas flow rates, and reactor 131 
pressure, and switching of valves. 132 



  

   
 

 133 
1.1.8. Ramp up the reactor pressure to 30 Torr in 3 min and the substrate temperature to 134 
1055 °C to desorb residual contaminations from the substrate surface for 3 min in H2 135 
environment. 136 
 137 
1.1.9. Ramp down the substrate temperature to 938 °C for the nucleation and growth of 138 
low-temperature (LT) AlN buffer layer. 139 
 140 
1.1.10. Stabilize the trimethylaluminum (TMAl) flow as 12.6 standard cubic centimeter per 141 
minute (sccm) and ammonia (NH3) flow as 7 sccm and the substrate temperature for 3 min. 142 
 143 
1.1.11. Initiate the growth of the LT-AlN layer by switching TMAl from vent to the run line.  144 

 145 
1.1.12. Control the thickness of the LT-AlN layer by using a custom-built reflectivity 146 
measurement system, which includes a 637-nm laser diode, a p-i-n Si photodetector, and a 147 
Labview-based software. Determine the growth rate from the period of reflectivity 148 
oscillations19,20. In selected samples, use cross-sectional scanning electron microscopy and 149 
transmission electron microscopy images to confirm the accuracy of in situ monitoring.  150 

 151 
1.1.13. Keep the growth for 6 min to reach a thickness of ~20 nm, then ramp up the substrate 152 
temperature to 1110 °C in 3 min without a growth interruption and continue the growth of AlN 153 
layer to a thickness of 300 nm, as monitored by the evolution of the oscillation of the in situ 154 
optical reflectance. 155 
 156 
1.1.14. Switch TMAl from run to vent and then to idle line to stop the AlN growth. Stabilize the 157 
trimethylgallium (TMGa) flow at 16 sccm, ramp up the NH3 flow to 7000 sccm and stabilize for 1 158 
min. Ramp up the reactor pressure to 76 Torr in 1 min. Ramp up the substrate temperature to 159 
1117 °C in 1 min. 160 
 161 
1.1.15. Nucleate and grow a GaN recovery layer with a thickness of ~400 nm, while monitoring 162 
the reflectivity evolution. Initially the reflectivity exhibits a sharp decrease when GaN islands 163 
nucleate on AlN surface and then recovers the intensity to the original level corresponding to 164 
an atomically flat surface when the islands coalesce. 165 
 166 
1.1.16. Ramp up the substrate to 1130 °C in 2 min. Grow the high-temperature semi-insulating 167 

GaN layer with a thickness of ~2.5 m. Stop the growth by switching TMGa from run to vent 168 
and then to idle line. 169 
 170 
1.1.17. Cool down the substrate to room temperature over a 40 min period. 171 
 172 
1.1.18. Ramp down the reactor pressure to 15 Torr over a 1.5 min period. 173 
 174 
1.1.19. Unload the substrate from the reactor by following the reverse procedure of steps 175 
1.1.1-1.1.4. 176 



  

   
 

 177 
1.2. GaN template preparation and loading to MBE reactor 178 

 179 
1.2.1. Cut the 2-inch GaN template into 6 equal pie-shaped pieces by using a diamond 180 
scriber. 181 

 182 
1.2.2. Prepare aqua regia acid solution inside the acid fume hood by adding nitric acid (HNO3, 183 
68.0-70.0 w/w%, 50 mL) to hydrochloric acid (HCl, 36.5-38.0 w/w%, 150 mL) slowly into a 184 
quartz beaker.  185 
 186 
1.2.3. Put the aqua regia beaker on a hot plate with a temperature of 220 °C. 187 
 188 
1.2.4. After the appearance of an orange/red color and gas bubbles, soak one pie-shaped 189 
GaN template in the solution and boil it for 10 min. 190 
 191 
1.2.5. Rinse the GaN template in running de-ionized (DI) water for 3 min. 192 
 193 
1.2.6. Soak the GaN template in HCl (36.5-38.0 w/w%):H2O solution (1:1) for 3 min to remove 194 
Ga oxide. 195 
 196 
1.2.7. Rinse the GaN template in running DI water for 5 min. 197 
 198 
1.2.8. Dry the template with N2 gas. 199 
 200 
1.2.9. Put the cleaned GaN template on a Mo holder and load it into MBE load-lock chamber 201 
immediately. 202 
 203 
1.2.10. Start pumping down the load-lock by a mechanical dry pump. 204 

 205 
2. MBE Growth of BeMgZnO/ZnO Heterostructures  206 

 207 
2.1. Preparation of the effusion cells 208 

 209 
2.1.1. After pumping down the load-lock for 1 h, start the preparation of the Zn, Mg, Be 210 
effusion cells. Set the upper zone temperature of the double-zone Zn cell to 525 °C with a 211 
ramping rate of 17 °C/min, wait for 5 min then ramp down to 515 °C with a ramping rate of 212 
5 °C/min. Set the Mg cell temperature to 570 °C with a ramping rate of 15 °C/min, after 213 
reaching the set point, wait for 10 min then ramp the Mg cell down to 300 °C. Set the Be cell 214 
temperature to 900 °C with a ramping rate of 10 °C/min, after reaching the set point, wait for 3 215 
min then ramp the cell down to 650 °C.  216 

 217 
2.1.2. After 30 min, set the lower zone temperature of the double-zone Zn cell to 360 °C with 218 
a ramping rate of 10 °C/min. 219 
 220 



  

   
 

2.1.3. After pumping down the load-lock for 2 h to reach a pressure of ~5×10-7 Torr, turn on 221 
the reflection high-energy electron diffraction (RHEED) system, and load the GaN template into 222 
the MBE chamber. 223 
 224 
2.1.4. Tune the angle of the GaN template by rotating the manipulator to monitor the RHEED 225 
pattern evolution along [1-100] azimuthal direction. 226 
 227 
2.1.5. Set the lower zone temperature of the double-zone Zn cell to 355 °C with a ramping 228 
rate of 10 °C/min. 229 

 230 
2.2. Polarity control of ZnO on GaN and growth of LT-ZnO buffer 231 

 232 
2.2.1. Ramp up the substrate temperature to 615 °C with a ramping rate of 13.6 °C/min to 233 
desorb the residual contaminations from the substrate surface for 15 min. 234 
 235 
2.2.2. Ramp down the substrate temperature from 615 to 280 °C with a ramping rate of 236 
13.6 °C/min for the growth of LT-ZnO. When the temperature reaches 550 °C, open the Zn cell 237 
shutter to expose the GaN template surface with Zn flux. Turn on O2 plasma power supply, set 238 
the power as 100 W, and check to verify that O2 gas line is closed. 239 
 240 
2.2.3. When the temperature reaches 280 °C, set the O2 plasma power to 400 W, set the O2 241 
flow rate to 0.3 sccm to ignite the plasma then decrease the O2 flow rate to 0.25 sccm. 242 
 243 
2.2.4. Wait for 1 min, then open the O2 shutter to start the growth of LT-ZnO buffer layer. 244 
 245 
2.2.5. Record a RHEED pattern every 5 min. After growing for approximately 15 min 246 
corresponding to a buffer thickness of ~20 nm, when the RHEED pattern changes from stripes 247 
(2D mode) to elliptical spots (3D mode), close both Zn and O2 shutters to stop the growth.  248 
 249 
2.2.6. Set the O2 flow rate to 0.4 sccm, and set the substrate temperature to 730 °C with a 250 
ramping rate of 13.6 °C/min to anneal the LT-ZnO buffer layer. Set the lower zone temperature 251 
of the double-zone Zn cell to 345 °C with a ramping rate of 10 °C/min for the growth of HT-ZnO 252 
layer. 253 
 254 
2.2.7. When the substrate temperature reaches the set-point of 730 °C, wait for 5 min and 255 
check the ZnO surface by RHEED. When the RHEED pattern transits from 3D to 2D, stop 256 
annealing by ramping down the substrate temperature to 680 °C. 257 

 258 
2.3. Growth of high-temperature ZnO layer 259 

 260 
2.3.1. When the substrate temperature reaches 680 °C and stabilizes, increase the O2 flow 261 
rate to 3.2 sccm. 262 

 263 
2.3.2. Start the growth of HT-ZnO layer by opening both Zn and O2 shutters concurrently. 264 



  

   
 

 265 
2.3.3. Grow the HT-ZnO layer for ~140 min to reach a thickness of ~300 nm. Record the 266 
RHEED patterns several times during the growth to confirm the 2D growth mode. 267 
 268 
2.3.4. Stop the growth of HT-ZnO layer by closing both Zn and O2 shutters concurrently. 269 
 270 
2.4. Growth of BeMgZnO barrier 271 

 272 
2.4.1. Set the O2 flow rate to 0.3 sccm, set the Be cell temperature to 820 °C with a ramping 273 
rate of 10 °C/min, set the Mg cell temperature to 480 °C with a ramping rate of 15 °C/min, and 274 
set the substrate temperature to 325 °C with a ramping rate of 13.6 °C/min for the growth of 275 
the BeMgZnO barrier. 276 

 277 
2.4.2. When the substrate temperature stabilizes, increase the O2 flow rate to 1.25 sccm, and 278 
start the growth by concurrent opening the Zn, Mg, Be, and O2 shutters. 279 
 280 
2.4.1. Grow the BeMgZnO barrier layer for ~12 min to reach a thickness of ~30 nm. Record 281 
RHEED patterns several times during the growth to monitor the growth mode evolution. 282 

 283 
2.4.2. Stop the growth of BeMgZnO layer by closing the Mg and Be shutter, while keeping the 284 
Zn and O2 shutter open for 1 min to have a ~2 nm thick ZnO cap layer. 285 

 286 
2.4.3. Finish the growth by closing both Zn and O2 shutters. 287 
 288 
2.4.4. Ramp down the substrate temperature to its standby temperature 150 °C. Decrease 289 
the O2 flow rate to 0.25 sccm. 290 
 291 
2.4.5. When the substrate temperature is below 250 °C, decrease the O2 plasma power to 292 
100 W, turn off O2 plasma power supply, decrease the O2 flow rate to 0, close the O2 gas line, 293 
and cool down the cell temperatures to standby conditions. 294 
 295 
2.4.6. Wait for the substrate temperature to reach the standby temperature 150 °C, open the 296 
growth chamber gate valve and unload the wafer holder to the load-lock chamber. 297 
 298 
2.4.7. Vent the load-lock chamber with N2 gas and take out the sample. 299 

 300 
3. Characterizations 301 

 302 
3.1. Roughly measure the thickness of the sample by using a step-profiler, through the covered 303 
area on the edge of the sample. 304 

 305 
3.2. Evaluate the thickness, strain and structural quality of the heterostructure by using high 306 

resolution X-Ray diffraction (HRXRD) (2- scans of (0002) reflection). 307 
 308 



  

   
 

3.3.  Cut the sample into 5×5 mm2 square piece by using a diamond scriber. Investigate the 309 
electronic properties of the sample by using temperature dependent Hall Effect measurements 310 
in the van der Pauw geometry, with indium (In) dots as contact electrodes. 311 
 312 
3.4.  Check the surface morphology by using atomic force microscopy (AFM). 313 
 314 
4. Fabrication of Schottky Diodes 315 

 316 
4.1. Fabrication of Ohmic contacts on BeMgZnO/ZnO heterostructures 317 

 318 
4.1.1. Degrease the sample (~20×20 mm2 in size) with acetone in an ultrasonic cleaner for 5 319 
min, followed by cleaning with methanol in the ultrasonic cleaner for 5 min, rinsing in DI water 320 
for 5 min, and blowing dry with N2. 321 

 322 
4.1.2. Spin coat photoresist with 1000 rpm for 3 s and then 3000 rpm for 30 s. 323 
 324 
4.1.3. Soft bake the photoresist at 100 °C for 140 s. 325 
 326 
4.1.4. Expose with UV light through the Ohmic contact mask at 6.5 mW UV lamp power for 327 
2.38 min on photolithography mask aligner.  328 
 329 
4.1.5. Post bake the photoresist at 110 °C for 80 s. 330 
 331 
4.1.6. Develop in a developer for 60 s with a shaking frequency of 1/s. 332 
 333 
4.1.7. Rinse in DI water for 3 min, and blow dry with N2. 334 
 335 
4.1.8. Load the sample into the electron beam evaporator. 336 
 337 
4.1.9. Without heating the sample, deposit Ti/Au with a thickness of 30/50 nm, as measured 338 
by quartz crystal thickness monitor. 339 
 340 
4.1.10. Lift-off in acetone, followed by cleaning in methanol for 5 min, rinsing in DI water for 5 341 
min, and blowing dry with N2. 342 
 343 
4.1.11. Anneal the contact by rapid thermal annealer (RTA) at 300 °C for 30 s. 344 
 345 
4.1.12. Check contact resistance through transition line model (TLM) measurement21. 346 
 347 
4.2. Fabrication of Schottky contacts on BeMgZnO/ZnO heterostructures 348 
 349 
4.2.1. Follow steps 4.1.1-4.1.7 for photolithography of Schottky contact. 350 
 351 
4.2.2. Treat the sample surface with remote O2 plasma for 5 min with an O2 flow of 35 sccm 352 



  

   
 

and an RF power of 50 W. 353 
 354 
4.2.3. Follow steps 4.1.8-4.1.10 for the deposition of Ag with a thickness of 50 nm. 355 
 356 
4.2.4. Characterize the obtained structure by I-V measurements for the Schottky diodes17. 357 
 358 
REPRESENTATIVE RESULTS:  359 
The left column of Figure 1 shows the evolution of RHEED pattern recorded along the [1-100] 360 
azimuthal direction during MBE growth of a Be0.02Mg0.26ZnO/ZnO heterostructure with a 300 361 
nm thick HT-ZnO layer and a 30 nm thick Be0.02Mg0.26ZnO barrier. The right column shows 362 
representative surface morphologies at different growth stages (not from the same sample). As 363 
evidenced from the appearance of a spotty RHEED pattern, the LT-ZnO buffer layer is of 364 
three-dimensional (3D) island growth mode nature. Its surface morphology was improved by 365 
thermal annealing treatment at a temperature above 700 °C. It is clearly seen that the surface 366 
transformed from 3D to 2D morphology. The subsequent HT-ZnO layer continues to grow in a 367 
2D mode, followed by the 2D growth of Be0.02Mg0.26ZnO layer without the formation of a 368 
second phase. AFM measurements have shown that the GaN template has a root mean square 369 

(RMS) roughness of 0.28 nm for 5×5 m2 scan. A smooth surface with an RMS roughness of 370 
0.35 nm is obtained for the HT-ZnO layer without a barrier by growing under O-rich condition 371 
and an RMS roughness of 0.45 nm is observed after the growth of BeMgZnO barrier. 372 
 373 

HRXRD triple-axis 2- scan for a typical Zn-polar Be0.02Mg0.26ZnO/ZnO heterostructure with a 374 
300 nm thick HT-ZnO layer, and a 50 nm thick Be0.02Mg0.26ZnO barrier layer is shown in Figure 2. 375 
The reflections at 34.46 o, 34.54 o, and 34.75 o are consistent with (0002) reflections of ZnO, 376 
GaN, and Be0.02Mg0.26ZnO, respectively. Note that the broadening of the reflection from 377 
Be0.02Mg0.26ZnO is due to its thinness. The tensile biaxial strain in the ZnO layer is an indication 378 
of the Zn-polar heterostructure, as investigated in our previous study13. Be and Mg contents in 379 
the BeMgZnO quaternary were calculated from the Bragg angle of its XRD (0002) reflection and 380 
emission photon energy in LT-photoluminescence (LT-PL) spectrum measured at 13 K (not 381 
shown).  382 
 383 
Figure 3 shows the results of temperature-dependent Hall Effect measurements for a 384 
Be0.02Mg0.26ZnO/ZnO heterostructure. The sheet carrier concentration reduced from 8.8×1012 385 
cm-2 to 6.4×1012 cm-2 when the sample was cooled down from room temperature (293 K) to 386 
approximately 100 K. With further cooling to 13 K, the sheet carrier concentration saturates at 387 
6.2×1012 cm-2. This finding manifests that the observed reduction in electron concentration is 388 
originated from the contributions from parallel conduction channels which include defective 389 
nucleation layer and HT-ZnO layer as well as the Be0.02Mg0.26ZnO barrier, if any. This trend has 390 
also been reported for MgZnO/ZnO heterostructures10,22. The electron mobility in the 391 
Be0.02Mg0.26ZnO/ZnO heterostructure monotonically increases with decreasing temperature; 392 
both the 293 K mobility of 206 cm2/Vs and the 13 K mobility of 1550 cm2/Vs are comparable to 393 
the values in the literature22,23. The evolution of the electronic properties as a function of 394 
temperature clearly indicates the presence of 2DEG at the Be0.02Mg0.26ZnO/ZnO 395 
heterointerface. 396 



  

   
 

 397 
Figure 4 shows the current-voltage (I-V) curves measured at room temperature for four 398 
representative Ag/Be0.02Mg0.26ZnO/ZnO Schottky diodes with a Schottky area of 1.1×10-4 cm2 399 
within one wafer. The forward currents increase exponentially with applied voltage up to 0.25 V, 400 
beyond which the voltage drops across the series resistance become apparent. The highest 401 
Schottky barrier height of Φap of 1.07 eV was attained with an ideality factor n of 1.22. 402 
Rectification ratios of about 1×108 are achieved by using the current values measured at V=±2 403 
V. 404 
 405 
FIGURE & TABLE LEGENDS:   406 
Figure 1. Surface characterization. Left column shows the RHEED patterns taken along the 407 
[1-100] azimuthal direction during MBE growth of a Be0.02Mg0.26ZnO/ZnO heterostructure, and 408 
right column presents the surface morphologies of the GaN template, HT-ZnO layer, and 409 
Be0.02Mg0.26ZnO layer measured by AFM. LT-ZnO buffer technology enables the 2D-mode 410 
growth of high-quality ZnO heterostructures on low lattice-mismatched GaN templates. 411 
 412 

Figure 2. HRXRD of the heterostructure. HRXRD triple-axis 2- scan of a typical Zn-polar 413 
Be0.02Mg0.26ZnO/ZnO heterostructure with a 50 nm thick Be0.02Mg0.26ZnO barrier layer . The 414 
reflections at 34.46 o, 34.54 o, and 34.75 o are consistent with (0002) reflections of ZnO, GaN, 415 
and Be0.02Mg0.26ZnO, respectively. 416 
 417 
Figure 3. Electronic Properties of the heterostructure. Temperature dependences of sheet 418 
carrier density and electron mobility of a Zn-polar Be0.02Mg0.26ZnO/ZnO heterostructure.  419 
 420 
Figure 4. Schottky diodes. Typical I-V characteristics of four representative 421 
Ag/Be0.02Mg0.26ZnO/ZnO Schottky diodes measured at room-temperature. The similarity of the 422 
four I-V curves indicates the high in-wafer uniformity of the sample. 423 
 424 
DISCUSSION:  425 
Incorporation of BeO into MgZnO to form the quaternary BeMgZnO provides the feasibility to 426 
tune the extent and sign of strain in the quaternary and hence significantly increases the 2DEG 427 
density8. The representative results show that the Be0.02Mg0.26ZnO/ZnO heterostructure results 428 
in a 2DEG density close to the desired plasmon-LO phonon resonance electron density (~7×1012 429 
cm-2)24. Although the electron mobility of the heterostructure strongly depends on the MBE 430 
growth parameters such as the substrate temperature and VI/II ratio of both the HT-ZnO and 431 
the BeMgZnO barrier layer, the 2DEG density is weakly dependent on the growth conditions 432 
and mainly determined by the Be and Mg content in the barrier.  433 
 434 
A GaN template is used for the growth of BeMgZnO/ZnO heterostructures with high crystalline 435 
quality owing to the moderate lattice mismatch of 1.8% between GaN and ZnO, compared with 436 
a large lattice mismatch of 18% between sapphire and ZnO. To avoid any conductive parallel 437 

channel, it is critical to have a high resistance in the M/square range for the GaN template. In 438 
our case, this is achieved by growing at a low chamber pressure of 76 Torr to enhance carbon 439 
compensation. To ensure the polarity control in the BeMgZnO/ZnO heterostructures 440 



  

   
 

(Zn-polarity), careful surface treatment of GaN template is indispensable. Any oxidation or 441 
contamination introduced during the preparation on the GaN surface would induce Zn- and O- 442 
mix-polarity in the heterostructures even the determinant VI/II ratio <1.5 is fulfilled. 443 
 444 
Any chemical reaction between the metal and the semiconductor, the presence of surface 445 
contaminants, states, defects in the vicinity of the surface, and the diffusion of metal into the 446 
semiconductor are common problems in the field of the fabrication of Schottky contacts. A 447 
variety of methods has been reported in the literature for preparing the surface of ZnO for 448 
Schottky contact fabrication. Among them are etching in HCl (or other acids), physical etching 449 
with Ar+, UV Ozone cleaning, treatment in H2O2, and O2 plasma (or mixture with He)25-28. The 450 
etching procedures aim for the removal of a surface layer with thickness a ranging from a few 451 
nanometers to microns and therefore cannot be applied for HFET devices. The UV-Ozone 452 
cleaning or O2 plasma procedure removes only the surface layer. Therefore, it is well suited for 453 
the surface preparation of our BeMgZnO/ZnO heterostructures. 454 
 455 
Usually Schottky contacts are achieved by depositing a high work function metal such as Pd, Pt, 456 
Ir, etc. In contrast, Ag has a low work function of 4.26 eV. Despite that, devices utilizing Ag 457 
electrode can show rectifying behavior owing to the formation of an interface silver oxide layer 458 
caused by partial oxidation of Ag with oxygen from ZnO matrix. The so formed oxide layer is 459 
transparent for electrons and has higher work function compared to Ag. Raju et al. have 460 
reported work functions around 5.5 eV for AgO grown by pulsed laser deposition (PLD), which is 461 
1.3 eV higher than that of Ag, and close to the characteristic of Pd, Pt, and Ir29. Our results 462 
indicate that that Ag electrode (with O2 plasma pretreatment on the surface of ZnO 463 
heterostructure) is a promising contact metal for the formation of Schottky diodes. 464 
 465 
We have demonstrated a method for fabricating high quality Schottky contacts for ZnO-based 466 
HFETs. MOCVD grown GaN template with careful surface preparation just prior to MBE growth 467 
and a low VI/II ratio <1.5 during ZnO nucleation ensure the Zn-polar orientation of the 468 
ZnO-based heterostructures with high quality. MOCVD is a widely-used mature technique for 469 
epitaxy of GaN for various applications. The MBE procedure described in this work indicates the 470 
combinability of MOCVD and MBE techniques, and GaN and oxide semiconductors for 471 
electronic devices. Incorporation of a small amount of Be into the BeMgZnO barrier layer 472 
results in HFETs with high 2DEG density, high electron mobility, and high thermal stability, for 473 
enhanced high speed performance.  474 
 475 
ACKNOWLEDGMENTS:  476 
This work was supported by Air Force Office of Scientific Research (AFOSR) under Grant 477 
FA9550-12-1-0094. 478 
 479 
DISCLOSURES:  480 
The authors have nothing to disclose. 481 
 482 
REFERENCES: 483 
1 Morkoc, H. & Solomon, P. M. The hemt: A superfast transistor: An experimental 484 



  

   
 

GaAs-AlGoAs device switches in picoseconds and generates little heat. This is just what 485 
supercomputers need. IEEE spectrum. 21 (2), 28-35, (1984). 486 

2 Aktas, O. et al. Microwave performance of AlGaN/GaN inverted MODFET's. IEEE Electron 487 
Device Letters. 18 (6), 293-295, (1997). 488 

3 Leach, J. H. et al. Effect of hot phonon lifetime on electron velocity in InAlN/AlN/GaN 489 
heterostructure field effect transistors on bulk GaN substrates. Applied Physics Letters. 490 
96 (13), 133505, (2010). 491 

4 Sasa, S. et al. Microwave performance of ZnO/ZnMgO heterostructure field effect 492 
transistors. Physica status solidi (a). 208 (2), 449-452, (2011). 493 

5 Ye, D. et al. Enhancement-mode ZnO/Mg0.5Zn0.5O HFET on Si. Journal of Physics D: 494 
Applied Physics. 47 (25), 255101, (2014). 495 

6 Koike, K. et al. Molecular beam epitaxial growth of wide bandgap ZnMgO alloy films on 496 
(111)-oriented Si substrate toward UV-detector applications. Journal of Crystal Growth. 497 
278 (1-4), 288-292, (2005). 498 

7 Du, X. et al. Controlled Growth of High-Quality ZnO-Based Films and Fabrication of 499 
Visible-Blind and Solar-Blind Ultra-Violet Detectors. Advanced Materials. 21 (45), 500 
4625-4630, (2009). 501 

8 Ding, K., Ullah, M., Avrutin, V., Özgür, Ü. & Morkoç, H. Investigation of high density 502 
two-dimensional electron gas in Zn-polar BeMgZnO/ZnO heterostructures. Applied 503 
Physics Letters. 111 (18), 182101, (2017). 504 

9 Ding, K., Avrutin, V., Özgür, Ü. and Morkoç, H. III-Nitride Light-Emitting Diodes. Wiley 505 
Encyclopedia of Electrical and Electronics Engineering, 1-21 (2017). 506 

10 Tsukazaki, A. et al. Quantum Hall effect in polar oxide heterostructures. Science. 315 507 
(5817), 1388-1391, (2007). 508 

11 Tsukazaki, A. et al. Observation of the fractional quantum Hall effect in an oxide. Nat 509 
Mater. 9 (11), 889-893, (2010). 510 

12 Falson, J. et al. MgZnO/ZnO heterostructures with electron mobility exceeding 1 x 10(6) 511 
cm(2)/Vs. Sci Rep. 6 26598, (2016). 512 

13 Ullah, M. B. et al. Polarity control and residual strain in ZnO epilayers grown by 513 
molecular beam epitaxy on (0001) GaN/sapphire. physica status solidi (RRL) - Rapid 514 
Research Letters. 10 (9), 682-686, (2016). 515 

14 Ullah, M. B. et al. Characterization of Ag Schottky Barriers on Be0.02Mg0.26ZnO/ZnO 516 
Heterostructures. physica status solidi (RRL) - Rapid Research Letters. (2017). 517 

15 Lee, J. H. et al. Schottky diodes prepared with Ag, Au, or Pd contacts on a MgZnO/ZnO 518 
heterostructure. Japanese Journal of Applied Physics. 51 (9S2), 09MF07, (2012). 519 

16 Singh, R. et al. Investigation of barrier inhomogeneities and interface state density in 520 
Au/MgZnO: Ga Schottky contact. Journal of Physics D: Applied Physics. 49 (44), 445303, 521 
(2016). 522 

17 Brillson, L. J. & Lu, Y. ZnO Schottky barriers and Ohmic contacts. Journal of Applied 523 
Physics. 109 (12), 121301, (2011). 524 

18 Müller, S. et al. Method of choice for fabrication of high-quality ZnO-based Schottky 525 
diodes. Journal of Applied Physics. 116 (19), 194506, (2014). 526 

19 Figge, S., Böttcher, T., Einfeldt, S. & Hommel, D. In situ and ex situ evaluation of the film 527 
coalescence for GaN growth on GaN nucleation layers. Journal of Crystal Growth. 221 528 



  

   
 

(1-4), 262-266, (2000). 529 
20 Han, J., Ng, T.-B., Biefeld, R., Crawford, M. & Follstaedt, D. The effect of H 2 on 530 

morphology evolution during GaN metalorganic chemical vapor deposition. Applied 531 
Physics Letters. 71 (21), 3114-3116, (1997). 532 

21 Berger, H. Models for contacts to planar devices. Solid-State Electronics. 15 (2), 145-158, 533 
(1972). 534 

22 Tampo, H. et al. Polarization-induced two-dimensional electron gases in ZnMgO/ZnO 535 
heterostructures. Applied Physics Letters. 93 (20), 202104, (2008). 536 

23 Ye, J. D. et al. Two-dimensional electron gas in Zn-polar ZnMgO/ZnO heterostructure 537 
grown by metal-organic vapor phase epitaxy. Applied Physics Letters. 97 (11), 111908, 538 
(2010). 539 

24 Šermukšnis, E. et al. Hot-electron energy relaxation time in Ga-doped ZnO films. Journal 540 
of Applied Physics. 117 (6), 065704, (2015). 541 

25 Singh, C., Agarwal, G., Rao, G. D., Chaudhary, S. & Singh, R. Effect of hydrogen peroxide 542 
treatment on the electrical characteristics of Au/ZnO epitaxial Schottky diode. Materials 543 
Science in Semiconductor Processing. 14 (1), 1-4, (2011). 544 

26 Mohanta, S. et al. Electrical characterization of Schottky contacts to n-MgZnO films. Thin 545 
Solid Films. 548 539-545, (2013). 546 

27 Schifano, R., Monakhov, E., Grossner, U. & Svensson, B. Electrical characteristics of 547 
palladium Schottky contacts to hydrogen peroxide treated hydrothermally grown ZnO. 548 
Applied Physics Letters. 91 (19), 193507, (2007). 549 

28 Ip, K. et al. Improved Pt/Au and W/Pt/Au Schottky contacts on n-type ZnO using ozone 550 
cleaning. Applied Physics Letters. 84 (25), 5133-5135, (2004). 551 

29 Raju, N. R. C., Kumar, K. J. & Subrahmanyam, A. Physical properties of silver oxide thin 552 
films by pulsed laser deposition: effect of oxygen pressure during growth. Journal of 553 
Physics D: Applied Physics. 42 (13), 135411, (2009). 554 



Figure1 Click here to download Figure figure1.tif 

http://www.editorialmanager.com/jove/download.aspx?id=850695&guid=8cae7bce-8a45-43f6-86ee-a6b0fa2947f3&scheme=1
http://www.editorialmanager.com/jove/download.aspx?id=850695&guid=8cae7bce-8a45-43f6-86ee-a6b0fa2947f3&scheme=1


Figure2 Click here to download Figure figure2.tif 

http://www.editorialmanager.com/jove/download.aspx?id=850696&guid=eceaf311-86f5-4171-9dba-7cf809ce7fb7&scheme=1
http://www.editorialmanager.com/jove/download.aspx?id=850696&guid=eceaf311-86f5-4171-9dba-7cf809ce7fb7&scheme=1


Figure3 Click here to download Figure figure3.tif 

http://www.editorialmanager.com/jove/download.aspx?id=850697&guid=ef0415ff-4e29-4e1b-914c-46b6ce0a7410&scheme=1
http://www.editorialmanager.com/jove/download.aspx?id=850697&guid=ef0415ff-4e29-4e1b-914c-46b6ce0a7410&scheme=1


Figure4 Click here to download Figure figure4.tif 

http://www.editorialmanager.com/jove/download.aspx?id=850698&guid=105708a3-4026-4d03-b3c0-018c1c2be379&scheme=1
http://www.editorialmanager.com/jove/download.aspx?id=850698&guid=105708a3-4026-4d03-b3c0-018c1c2be379&scheme=1


Name of Material/ 

Equipment
Company Catalog Number

MOCVD Emcore

MBE SVT Associates

TMAl SAFC CAS: 75-24-1

TMGa SAFC CAS: 1445-79-0

NH3 The Linde group CAS: 7664-41-7

H2 National Welders Supply Co. supplier part no. 335-041

O2 National Welders Supply Co. supplier part no. OX 300

Mg Sigma-Aldrich Product No.: 474754-25G

Be ESPI Metals Stock No. K646b

Zn Alfa Aesar, Thermo Fisher Scientific Chemicals Inc. Product No.: 10760-30

Au Kurt J. Lesker part no. EVMAUXX40G

Ag Kurt J. Lesker part no. EVMAG40QXQ

Ti Kurt J. Lesker part no. EVMTI45QXQ

Developer Rohm and Haas electronic Materials LLC MF-CD-26

Photoresist Rohm and Haas electronic Materials LLC SPR 955

 

Table of Materials Click here to download Table of Materials JoVE_Materials (1).xls 

http://www.editorialmanager.com/jove/download.aspx?id=850699&guid=0605e79c-dba2-404e-bb4c-0d5963afc6b2&scheme=1
http://www.editorialmanager.com/jove/download.aspx?id=850699&guid=0605e79c-dba2-404e-bb4c-0d5963afc6b2&scheme=1


Comments/Description

customer build

Grade 5.0

Industrial Grade Oxygen, Size 300 Cylinder, CGA-540

MAGNESIUM, DISTILLED, DENDRITIC PIECES, 99.998% METALS BASIS

Beryllium pieces, 3N

Zinc shot, 1-6mm (0.04-0.24in), Puratronic, 99.9999%

Gold Pellets, 99.99%

Silver Pellets, 99.99%,  

Titanium Pellets,99.995%

Material number 10018050

Material number 10018283



Author License Agreement (ALA) Click here to download Author License Agreement (ALA)
Agreement.pdf

http://www.editorialmanager.com/jove/download.aspx?id=850700&guid=58b887f3-424b-4e99-b498-a89ae8df6484&scheme=1
http://www.editorialmanager.com/jove/download.aspx?id=850700&guid=58b887f3-424b-4e99-b498-a89ae8df6484&scheme=1






Editorial comments: 

 

The manuscript has been modified and the updated manuscript, 58113_R2.docx, is attached and 

located in your Editorial Manager account. Please use the updated version to make your 

revisions. 

 

Unfortunately, there are a few sections of the manuscript that show significant overlap with 

previously published work. Though there may be a limited number of ways to describe a technique, 

please use original language throughout the manuscript. Please check the iThenticateReport 

attached to this email and revise the following lines: 50-63, 92-95, 384-396, 400-401, 445-447. 

Answer: We noticed that there are some overlaps with our previously published paper; we have 

revised the mentioned lines according to the iThenticateReport. We have to point out that some 

expressions are standard terminology that universally used in the literature, for example 

heterostructure field effect transistors (HFETs), two-dimensional electron gas (2DEG), molecular 

beam epitaxy (MBE), MOCVD, SEM, TEM, and so on. These expressions can’t be deemed as 

overlap. The same applied to standard descriptions of various measurement procedures, as an 

example, “temperature dependent Hall effect measurements” or “Hall effect measurements in 

the van der Pauw configuration/geometry” etc. Therefore, during revision procedure, we made 

sure that there are no long phrases (more than 10 words in chain) overlapping with our previous 

articles.  

Rebuttal Letter Click here to download Rebuttal Letter Comments and
Responses.docx

http://www.editorialmanager.com/jove/download.aspx?id=850702&guid=a3cdf899-6fbd-4e89-b804-9c2c357a7beb&scheme=1
http://www.editorialmanager.com/jove/download.aspx?id=850702&guid=a3cdf899-6fbd-4e89-b804-9c2c357a7beb&scheme=1

