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The electrical and structural properties of sputter-deposited W Schottky contacts with Au overlayers 

on n-type Ga2O3 are found to be basically stable up to 500 °C. The reverse leakage in diode 

structures increases markedly (factor of 2) for higher temperature annealing of 550–600 °C. The 

sputter deposition process introduces near-surface damage that reduces the Schottky barrier height 

in the as-deposited state (0.71 eV), but this increases to 0.81 eV after a 60 s anneal at 500 °C. This 

is significantly lower than conventional Ni/Au (1.07 eV), but W is much more thermally stable, as 

evidenced  by  Auger electron  spectroscopy  of  the contact  and interfacial region and the  minimal 

change in contact morphology. The contacts are used to demonstrate 1.2 A switching of forward 

current to −300 V reverse bias with a reverse recovery time of 100 ns and a dI/dt value of 2.14 A/μs. 

The on/off current ratios were ≥106 at −100 V reverse bias, and the power figure-of-merit was 

14.4 MW cm−2. Published by the AVS. https://doi.org/10.1116/1.5125006 

 
 

I. INTRODUCTION 

β-Ga2O3 is an ultrawide bandgap semiconductor with 

attractive potential for power switching applications beyond 

the performance of SiC or GaN.1–9 In particular, an early 

adoption possibility is in rectifiers as part of hybrid power 

inverter units that also include Si thyristors or insulated gate 

bipolar transistors.10–15 Economic analyses have suggested 

that such Ga2O3 devices could deliver SiC-like performance 

at Si-like cost.16,17 There have been impressive demonstra- 

tions of vertical and lateral geometry Ga2O3 rectifiers, with 

breakdown voltages above 2 kV, total forward currents 

>30 A, and switching of currents up to 0.7 A.18–23 The 

important aspects of these devices that need development are 

the thermal management structures as well as the stability of 

the contacts and field management approaches.8,13,24 The 

usual top-side Schottky metal is Ni/Au, which has a decent 

barrier height (>1 eV), but limited thermal stability. Since 

power rectifiers will need to operate at elevated temperatures 

even with optimized thermal management designs,25 the 

stability of the rectifying contact is crucial.26–32 There have 

been a number of reports of the use of W for Schottky con- 

tacts on Ga2O3. Yao et al.28 investigated the thermal stability 

of W on β-Ga2O3 for annealing up to 800 °C. In a separate 

study,30,31 the same group examined the optimum surface 

treatments for W on Ga2O3 and concluded that surface states 

had a prominent effect on barrier properties.30,31 Fares et al.32 

showed that W-based contacts are more thermally stable than 

conventional Ni-based Schottky contacts. There are, as yet, no 

studies of the high current switching characteristics. 

It is clearly of interest to examine the thermal stability and 

high temperature contact properties of W on Ga2O3 in more 
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detail. The previous studies have established that the barrier 

height of W is lower than for Ni and other common metals, 

as expected from its work function, but it is still of interest 

for high temperature applications. In this paper, we report the 

thermal stability of W/Au Schottky electrodes and their 

applicability to power switching at Ampere levels, as well as 

on/off current ratios out to −100 V reverse bias. Tungsten is 
one of the most thermally stable metals, with a melting point 

of 3422 °C and showed excellent chemical stability to the 

Au overlayer as well as the underlying Ga2O3. 

 
II. EXPERIMENT 

The starting material was Sn-doped (n = 3.6 × 1018 cm−3) 
β-Ga2O3 single crystal (001) substrates grown by the edge- 
defined film-fed technique, with a 10 μm Si doped β-Ga2O3 

epitaxial layer grown on top of this substrate. After growth, 
the epi surface was planarized by chemical mechanical pol- 
ishing. The n-drift region was grown by halide vapor phase 

epitaxy with a carrier concentration of 3.5 × 1016 cm−3, 
obtained from capacitance-voltage measurements. For electri- 

cal measurements in vertical geometry, full-area back Ohmic 

contact deposition of Ti/Au (20/80 nm) by electron-beam 

evaporation, followed by annealing at 550 °C in N2 for 30 s, 

was used to form the Ohmic contacts. 

The front side of the structures was cleaned with HCl and 

then treated in O3 for 20 min to remove residual hydrocar- 

bons and other surface species. It is known that residual con- 

taminants like hydroxyl species may dominate the surface 

band-bending on β-Ga2O3.33 A bilayer of 40 nm Al2O3 and 

360 nm SiNx was used as the field plate,24 and dilute buff- 

ered oxide etch (BOE) was used to etch the dielectric 

opening. The samples were patterned again for W (or Ni) 

deposition. Then, 20 nm W was deposited by dc sputtering 
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using a 3-in. target of pure W. The dc power was 400 W, and 

the process pressure was 5 mTorr in pure Ar ambient. 

Following W deposition, a 340 nm layer of Au was deposited 

by e-beam evaporation to reduce the sheet resistance of the 

contact and prevent oxidation of the tungsten. Contact sizes 

ranged from 40 to 200 μm diameter circles to 800 μm 

squares. This was done to examine the effect of contact 

geometry and size on the normalized leakage current density. 

For comparison, standard Ni (20 nm)/Au (80 nm) Schottky 

contacts deposited by  e-beam  evaporation  and  patterned  

by lift-off were fabricated on the same epi structures. Both 

Ni/Au and W/Au devices are formed by using the standard 

lift-off process. 

Current-voltage (I-V) characteristics were measured with 

an HP 4156 parameter analyzer in air at 25 °C. We defined 

reverse breakdown to be the voltage at which the reverse 

current density reaches 10 mA cm2. Capacitance-voltage (C-

V) measurements were taken with an Agilent 4284A 

Precision LCR Meter. The device on-off ratio was  measured 

at a fixed forward current of 200 mA and 0 to −100 V for 
reverse current and was in the range of 106–108. The mor- 

phology of annealed samples was quantified through atomic 

force microscopy, while the depth profiles of each element  

in the contact stack were measured by Auger electron spec- 

troscopy (AES) with concurrent Ar sputtering. 

 

III. RESULTS AND DISCUSSION 

Figure 1(a) shows a comparison of the room temperature 

current density (J)-voltage (V) characteristics from the W/Au 

and Ni/Au Schottky contacts on β-Ga2O3. The higher reverse 

leakage current and forward current for W/Au show this has 

a lower barrier height than for Ni/Au, as reported previ- 

ously.28,30,32 The W/Au samples were annealed for different 

times at 500 °C and the Schottky barrier height, ΦB, and 

ideality factor, n, extracted from the I-V characteristics in 

Fig. 1(b) by fitting the linear region of the I-V curves to the 

thermionic emission model.34–37 A compilation of these data 

is shown in Table I. The barrier height for W on (001) β-

Ga2O3 is 0.71 eV in the as-deposited state, which will 

include lowering due to the presence of sputter damage. Yao 

et al.28,30 have reported that electron-beam evaporation  

yields higher quality (near unity ideality factor) Schottky 

diodes in  comparison  to  sputter-deposited  contacts.  After 

a 60 s anneal at 500 °C  to  remove  this  surface  damage, 

the  barrier  height  is  0.81 eV.  This  compares to a value  of 

0.97 eV for W contacts on (−201)β-Ga O .32 The anisotropy 

 

 
 

FIG. 1. Current density-voltage characteristics of 200 μm diameter Ga2O3 

based rectifiers fabricated with Ni/Au and W/Au as Schottky metal contact 

(a). Current density-voltage characteristics of 200 μm diameter Ga2O3 

Schottky with W/Au contact annealed at 500 °C for different annealing 

times (b). 

 
 

the extent of the effect of crystal anisotropy.39–42 Note in 

Table I that, within experimental error, the barrier height for 

W shows little change with annealing time at 500 °C. 

Figure 2 shows the on/off ratio measured at a fixed 

forward bias of −1 V to a reverse voltage between 0 and 

−100 V.   This  is  in  the  range  of  106–108  over   this  bias 
voltage range, provided the sputtering damage is removed. 

 

 
TABLE I. Schottky barrier  height,  ideality  factor,  and  on-resistance  of  

200 μm diameter Ga2O3 Schottky with W/Au contact annealed at 500 °C  

for different annealing times. 

of many material properties for Ga2O3 is well-established,38 

including thermal conductivity, dielectric constant, mobility, 

and lattice constants. There is only a weak correlation of 

barrier height to metal work function, which indicates that 

there is at most only a partial Fermi level pinning due to 

defects and/or surface states, particularly on the (201) 

surface for which most data have been reported.28,31,36 

Behavior closer to that predicted by the Schottky-Mott 

model is observed for (010) orientation.28,30,31,36 It will be 

interesting to build up a database of barrier heights for the 
    

Annealing time at Schottky barrier Ideality factor On-resistance 

500 °C height (±0.03 eV) (±0.05) (mΩ cm2) 

As deposited 0.71 1.30 9.0 

60 s 0.81 1.12 9.8 

120 s 0.78 1.14 9.8 

180 s 0.80 1.19 8.6 

240 s 0.77 1.15 9.7 

300 s 0.77 1.13 8.5 

Ni/Au contact 1.07 1.02 10.5 
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(as deposited) 

same metals on different orientations of Ga2O3 to establish    
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FIG. 2. Rectifier on-off ratio from 0 to −100 V for 200 μm diameter diodes 
annealed at 500 °C with different annealing times. 

 

Note that the as-deposited samples show a much degraded 

on/off ratio. The Ni/Au contact shows values that are compa- 

rable to the W/Au contacts annealed at 500 °C for 300 s. 

This is a useful result in that it shows that even with the 

lower barrier height, the W-based contact under optimized 

conditions can achieve similar values of on/off ratio to 

Ni/Au, but with superior thermal stability. 

Figure 3 shows the reverse breakdown characteristics for 
a group of W/Au diodes annealed at 500, 550, and 600 °C. 

The leakage current at −100 V basically doubles after annealing 
at 550 °C, showing that above 500 °C, the W contacts degrade. 

The breakdown voltages, defined as the voltage at which the 

reverse current density is 10 mA cm2, were  ∼350 V for  the  

W  contacts  at  this  doping  concentration  of  3.5 × 1016 cm−3. 
These results produce a power figure-of-merit, V2 /R , of 

B    on 

14.4 MW cm−2 with the on-resistance reported in Table I. 

Figure 4 (top) shows a consistent breakdown, independent 

of contact size for the circular contacts. Note that the square 

FIG. 4. Reverse leakage current density characteristics for W/Au Schottky 

contacts of different size and shape annealed for 5 min at 500 °C (a) and for 

Ni/Au contacts of a similar geometry as deposited (b). 

 

 
 

 
 

FIG. 3. Effect of annealing temperature on reverse bias voltage leakage 

current and current density for W/Au rectifiers annealed at 500, 550, and 

600 °C for 3 min. 

geometry contact device shows lower current density relative 

to the circular devices. We have noted that these square 

geometry structures are more resistant to degradation during 

voltage  stressing,  due  to  anisotropic  heating  properties of 

Ga2O3. Similar data are shown in Fig. 4 (bottom) for Ni/Au, 

with high breakdown voltages ∼450 V. For this doping, the 

theoretical maximum breakdown voltage is ∼4000 V and 
our  experimental  values  correspond  to  maximum  electric 

field strengths of ∼1.05 MV cm−1. Current state of the art 
rectifier structures contain stacking faults with a density of 

1.5 × 1010 cm−2, threading screw dislocation  densities  of  

30 cm−2, and basal dislocation densities of 20 cm−2.43–45  
The presence of these defects is known to reduce the break- 

down voltage. Note that the  doping  in  the  drift  region  

was not affected by annealing, as shown  in the C−2-V data 
of Fig. 5, which shows that the drift region carrier concentra- 

tion was unchanged at 3.53 × 1016 cm−3 for as-deposited and 
500 °C, 300 s annealed W/Au samples. By comparison, the 

Ni/Au samples showed a similar value of 3.23 × 1016 cm−3. 
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FIG. 5. C−2-V characteristics of Ni/Au and W/Au contact as deposited and 
W/Au contact annealed for 5 min at 500 °C. 

 
 

This rules out a change in the drift layer concentration as a 

result of the increased current with annealing. 

The surface morphology of the W/Au contacts showed 

little change with annealing time at 500 °C. Examples are 

shown in the AFM scans of Fig. 6, with the root  mean 

square roughness measured over a 10 × 10 μm2 area being 

4.2 nm for the as-deposited contact and 6.6 nm after anneal- 

ing at 500 °C for 300 s. This is consistent with the AES 

scans shown in Fig. 7, where there is no measurable change 

in the slope of the Au and W profiles at that interface or of 

 

 

FIG. 6. Atomic force microscope images of W/Au contact as deposited (a) 

and (b) annealed at 500 °C for 5 min. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
FIG. 7. Auger electron analysis depth profile for W/Au contact as deposited 

(a) and (b) annealed at 500 °C for 5 min. 

 

 
the W/Ga2O3 interface after annealing at 500 °C for 300 s. 

This indicates no significant reaction of either Au with W or 

the latter with the underlying Ga2O3. This is to be contrasted 

with the clear degradation of Ni contacts at the same anneal- 

ing temperature reported previously.32 

The high current switching behavior of the rectifiers is of 

interest. Figure 8(a) shows the schematic of the circuit used 

to examine the switching behavior from high forward 

currents to large reverse voltages. The design of this circuit 

has been reported in detail previously.46–48 In short, it con- 

sists of an inductor (J.W. Miller 1140–153K-RC, 15 mH), 

the Ga2O3 rectifiers under test, and a power transistor 

(STMicroelectronics STW9N150, 1.5 kV, 8 A n-channel 

MOSFET) controlled by a pulse signal. A Ga2O3 Schottky 

diode has a minimal current overshoot during the switch 

from forward-biased conduction to the reverse blocking state 

because the reverse recovery time only depends on the 

capacitance, rather than on the minority carrier recombina- 

tion. At startup, the inductor is charged from the DC power 

supply to accumulate energy by turning on the power 
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FIG. 8. Schematic of switching test circuit (a) showing that the inductor is 
being charged by the DC power supply (left) and discharges to turn on the 
Schottky diode (right). Diode switching characteristics from 1.2 A forward 

current (b) to reverse bias of −300 V for Ni/Au diode and (c) W/Au contact 
annealed for 5 min at 500 °C for a fixed rectifier area of 600 × 600 μm2. 

 

 
switching transistor. When the power transistor turns off, the 

inductor current is discharged through the forward-biased 

rectifier. 

Experimental switching performance from the W/Au and 
Ni/Au rectifiers is shown in Figs. 8(b) and 8(c), respectively, 

for switching 1.2 A forward current to −300 V reverse bias. 
The reverse recovery times were the same for both types of 
contacts (99 ns for Ni/Au and 100 ns for W/Au) and dI/dt 

values of 2.14 A/μS for Ni/Au and 2.23 A/μS for W/Au. 

This shows that W is well-suited to handling large current 

loads during switching. 

IV. SUMMARY AND CONCLUSIONS 

The electrical performance of (001) β-Ga2O3 vertical 

diodes with W/Au Schottky contacts was studied at various 

annealing times and the temperature range  from  500  to  

600 °C. The barrier height after removal of sputter damage is 

0.81 eV, lower than for the standard Ni/Au (1.07 eV), but the 
former is more thermally stable and remains an option for 
high temperature applications. The barrier heights on (001) 

orientation are lower than on (−201), which shows a value 
of 0.97 eV. The W/Au contacts show an onset of increased 

reverse leakage current for anneals at ≥550 °C, but have 
on/off ratios >106 over a broad bias range. They show excel- 
lent switching characteristic from high forward currents to a 

reverse bias of −300 V. 
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