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ABSTRACT 

                 Dry etch damage in β-Ga2O3 is manifested by a reduction in near-surface carrier 

concentration, possibly due to the introduction of Gav acceptor states. The depth to which the 

carrier density is affected is found to depend on the interplay between ion energy and etch rate, 

with faster etch rates reducing the depth of the remaining damaged region. The maximum 

damage depth observed experimentally from capacitance-voltage profiling on Schottky rectifiers 

was ~110 nm, well beyond the range of the ions in the Inductively Coupled Plasmas and 

emphasizing that rapid diffusion of point defects occurs into the sample during the etch step. On-

state resistance was more affected than parameters like ideality factor or breakdown voltage, 

with a factor of 5 increase for high ion energy exposures. Reverse current density shoed the 

presence of trap-assisted space-charge-limited conduction. The reverse recovery time of the 

rectifiers, 22 ns, was unaffected by the dry etch damage, with a constant value of reverse 

recovery current of 3 mA.  
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Introduction 

            As with any emerging semiconductor technology, control of defects and doping are key 

to Ga2O3 maturing into a commercial success [1,2].  For example, the lack of native p-type 

doping capability has led to use of p-type oxides to form heterojunctions with n-type Ga2O3 [3-

10]. Another key processing step is etching. Patterning of Ga2O3 is predominantly carried out by 

dry etching, given the general lack of a wet etching capability at room temperature [11-27] While 

the plasma etch rates are relatively low, they are sufficient for the mesa or trench depths needed 

in most current devices, principally UV photodetectors, lateral transistors for switching 

applications and various types of vertical rectifiers for power management systems. There has 

been little investigation to understand the depth to which ion-induced damage occurs under 

practical etching conditions. It is generally observed in other semiconductors that changes in 

electrical properties of the etched surface may extend much deeper than the range of the ions 

incident on that surface [28-30]. This is often ascribed to rapid diffusion of primary defects such 

as vacancies or interstitials [29]. 

          Ga vacancies have been identified as the most important defect in most situations in n-type 

β-Ga2O3 [1, 31-40] Due to the monoclinic lattice, there are the vacancies associated with two 

different Ga sites, VGa1 and VGa2, but also three other energetically favorable split vacancy 

configurations in which the VGa is shared between two Ga sites with a Gai between them [37]. In 

n-type material, VGa is a deep triple acceptor [1]. The formation energies of Ga interstitials, a 

deep triple donor, are not favorable in n-type Ga2O3. Oxygen atoms have three different sites in 

the monoclinic lattice, that can correspondingly produce deficient VO with energy levels of 1.6 -

2.0 eV below the conduction band [31,32]. Since these donors are very deep, they cannot 

contribute to the n-type conductivity. oxygen interstitials (Oi) are generally neglected for their 
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effects on the material properties [31-35]. While the calculated threshold energies for 

displacement are 28 eV for Ga and 14 eV for O [41], the recombination rate of the latter are 

much higher, leaving Ga defects as the main influence on the electrical properties of the β-

Ga2O3. 

             In this paper we report the depths to which the electrical properties of the near-surface 

region of β-Ga2O3 are altered after plasma exposure. The maximum depth over which the 

carrier concentration is reduced is 110 nm and this depends on the trade-off between ion 

energy and etch rate. The damage is well beyond the range of the highest energy Ar ions 

that strike the surface during etching. Schottky rectifiers on which the rectifying contacts 

were deposited on the etched surface were employed as the device platform to probe the 

damage effects. The on-state resistance of these devices was the most-affected parameter as 

a result of accumulated etch damage.  

Experimental 

           The β-Ga2O3 samples for etch rate measurements were (100) bulk, Sn-doped 

substrates, grown by the Edge-Fed Defined Growth method and purchased from Novel 

Crystal Technology (Saitama, Japan). The etch rates were measured on samples patterned 

with PR1045 photoresist and etched in a PlasmaTherm 790 Inductively Coupled Plasma 

reactor. Discharges with 15 sccm of BCl3 and 5 sccm of Argon at a fixed pressure of 

5mTorr were used to etch the Ga2O3. The ICP source power and rf chuck power were varied 

to change plasma density and ion energy, respectively and thus alter the etch rates. Etch 

rates were obtained by measuring the etch depth with a Tencor profilometer after the 

removal of the photoresist. 
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            Rectifier structures consisted of vertical rectifiers consisting of a thick (10 µm), 

lightly doped (~1016 cm-3) epitaxial layer on a conducting (001) surface orientation Sn-

doped β-Ga2O3 single crystal substrate (Novel Crystal Technology, Japan). A full area 

Ti/Au backside Ohmic contact was formed by e-beam evaporation and was annealed at 

550֯C for 1minute under N2 ambient. After exposure of the front surface to BCl3/Ar 

discharges, the Ni/Au Schottky contact metal (100 µm diameter) was deposited through 

lithography using S1808 photoresist and LOR 3B.  The current-voltage (I-V) and 

capacitance-voltage (C-V) characteristics were recorded with a Tektronix 370-A curve 

tracer, 371-B curve tracer and an Agilent 4156C. The reverse recovery was measured on a 

pulse generator at a bias of 10V, 

Results and Discussion 

         Figure 1 shows the etch rates of Ga2O3 in the BCl3/Ar ICP discharges as a function of 

dc self-bias, which was varied by altering the ICP source power and rf chuck power. The 

former controls the ion density in the plasma while the latter controls the energies of the 

positive ions incident on the powered electrode. The predominant ions present are Ar+, with 

a smaller fraction of BCl3 fragments, as determined from separate mass spectrometry 

measurements on this tool. The resultant average ion energy is the sum of the dc self-bias 

and the plasma sheath potential [29]. The latter is ~23V under the conditions used in the 

experiments. Therefore, the ion energies range from ~150-425 eV over the range of 

conditions we examined.  

              Figure 2 (top) shows the current density-voltage characteristics from the rectifiers 

etched under different dc self-bias conditions, corresponding to different etch rates The etch 

rates and source and chuck powers for these conditions are listed in Table I, which also 
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shows the ideality factors and on-state resistances of the rectifiers  extracted from the 

forward I-V characteristics assuming thermionic emission as the predominant conduction 

mechanism in that regime. The forward current shows a decrease under most conditions due 

to an increase in barrier height. The most affected parameter is the on-state resistance, which 

increases about a factor of 5, as shown in Figure 2. This is a major problem for power 

devices, since a widely used figure of merit is the breakdown volage squared, divided by the 

on-resistance. The specific on-resistance Ron,sp, is given by  

                                                     𝑅𝑅𝑜𝑜𝑜𝑜,𝑠𝑠𝑠𝑠 = (𝑊𝑊𝐷𝐷)/𝑒𝑒µ𝑜𝑜𝑁𝑁𝐷𝐷 

where WD is the depletion depth in the drift region of the rectifier, e is the electronic charge, 

µn is the electron mobility and ND is the carrier density. Since the depletion depth increases due 

to a decrease in carrier density and mobility, the on-state resistance is degraded. The bottom of 

Figure 2 (bottom) shows the J-V data in linear form, which clearly shows the increase in on-

resistance  extracted from the slope of the plots. 

           Figure 3 shows the variation of ideality factor and on-resistance as a function of dc self-

bias. The lines are shown to guide the eye and do not represent a functional dependence. While 

the ideality factor, a commonly used indicator of changes in near-surface properties in etch 

damage experiments show only a relatively minor change, the on-resistance changes are more 

significant. 

          Figure 4 (top) shows the reverse J-V characteristics as a function of the different dc self-

biases employed. Note that the reverse current is deceased after etching due to the reduction of 

carrier concentration. Over a moderate range of reverse biases, the characteristics could be fit to  

space charge-limited current (SCLC) conduction in the presence of deep-level states, 

characterized by plateaus in the semi-logarithmic plots and a functional dependence of J α Vn. 
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These arise from space charge-limited current conduction in a near-insulator with trapping 

centers and thermally generated carriers [42,43]. The values of  n> 4 at higher reverse biases 

indicate trap charge-limited SCLC with an exponential distribution of traps was dominant under 

those conditions [42]. 

.          Figure 5 shows the dependence on dc self-bias during etching of reverse leakage 

current measured at -100V and the breakdown voltage, defined as the bias at which the 

current density was 1A. cm-2
. The reverse leakage current shows a major increase at 400V 

self-bias. 

              To establish the depth profile of carrier concentration in the depletion region of the 

rectifiers, the carrier profile was extracted from the slope of the capacitance -voltage 

characteristics. Figure 6 (top) shows the change in slope at low biases of the C-2-V plots, 

indicating the carrier density changes with depth. The net free carrier profile n(x) was 

obtained from the relation [43] 

𝑛𝑛(𝑥𝑥) = −(𝐶𝐶3)/𝑒𝑒𝑒𝑒𝐴𝐴2) (
𝑑𝑑𝐶𝐶
𝑑𝑑𝑑𝑑

)−1 

where C is the capacitance, e the electronic charge, ε the dielectric constant of Ga2O3, and A 

the contact area. Figure 6 (bottom) shows the carrier profiles for different self-biases during 

etching. The carrier concentration is reduced due to the introduction of deep acceptors that 

trap  electrons from the conduction band. As indicated earlier, these are likely the Ga 

vacancies prevalent in ion damaged Ga2O3.  

         The maximum depth to which the carrier density is reduced is ~110nm.This is well 

beyond the projected range of Ar+ ions present in the plasmas. Figure 7 shows a Stopping 

and Range of Ions in Matter (SRIM) Monte Carlo simulation of the implanted ion depth and 

damage profile [44]. We have assumed an approximate dose of 1015 cm-2
, based on the ion 
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flux to the electrode and the etch time. Note that the maximum direct incorporation depth is 

< 5nm, much less than the distance over which changes to the carrier profile are observed. 

This indicated rapid diffusion of the point defects created at the etched surface during 

plasma exposure. The VGa species are known to diffuse rapidly in Ga2O3 and this may be 

enhanced in the presence of the high level of electronic excitation during the plasma 

exposure [31]. Notice that the damage depth depends not only on the dc self-bias but also on 

the etch rate, with faster etch rates leading to lower damage depths. 

             As shown in Figure 8, the reverse recovery time of ~22 ns was independent of the 

self-bias used during etching, with the reverse recovery current, Irr, also constant at -3 mA. 

Thus, the presence of plasma damage does not affect the switching characteristics of the 

rectifiers, only the figure-of-merit related to the increase in on-resistance.  

Summary and Conclusions 

          The damage depth in Ga2O3 as a result of high ion density ICP etching has been 

established. The carrier concentration can be reduced to depths of 110 nm, more than two 

orders of magnitude larger than the range of directly implanted positive ions in the 

discharge. This is an indicator of rapid diffusion of point defects created at the etching surface 

by positive ion bombardment. The damage depth is a trade-off between ion energy and etch 

rate since the damaged region is more rapidly removed at higher etch rates. It should also be 

possible to remove the surface damage region by a wet etch clean-up after plasma etching, 

since wet etching is enhanced in damaged crystalline material. 
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Table 1. Electrical parameters of Ga2O3 rectifiers etched by BCl3/Ar plasmas prior to Schottky 
contact deposition. 

 

ICP 
(W) 

RF 
(W) 

DC 
bias 
(V) 

Etch 
rate 
(Å/min) 

Von 

(V) 
Ron 
(mΩ/cm2) 

SBH 
(V) 

Ideality 
factor 

Leakage 
current at 
-100V 
(µA/cm2)  

Breakdown 
voltage (V) 

0 0 0 0 0.82 1.41 0.68 1.14 9.7 -597 
400 50 130 410 0.82 1.96 0.75 1.05 6.7 -608 

400 150 300 500 0.71 5.86 0.74 1.08 50.1 -627 

400 200 400 510 0.75 7.59 0.71 1.10 236.2 -677 

600 200 300 810 0.74 7.35 0.67 1.12 4.8 -678 

 

 

This preprint research paper has not been peer reviewed. Electronic copy available at: https://ssrn.com/abstract=4372666

Pr
ep

rin
t n

ot
 p

ee
r r

ev
ie

wed



16 
 

Figure Captions 

Figure 1. Correlation between the DC self-bias voltage during ICP etching and the etch rate of 

Ga2O3. 

Figure 2. (top) Forward characteristics of rectifiers with different etching damage including log 

forward current density, turn-on voltage and on-state resistance (bottom) forward current density 

in linear plot.   

Figure 3. Ideality factor and on-state resistance as a function of dc self-bias during etching. 

Figure 4. Reverse characteristics of rectifiers with different etching damage including (top) 

reverse current density with polynomial fitting to I∝Vn and (bottom) breakdown voltage, 

Figure 5. Leakage current at -100 V reverse bias and breakdown voltage under different etch bias 

conditions. 

Figure 6. (top) Capacitance-voltage characteristics as a function of self-bias during etching 

(bottom) corresponding carrier depth profiles. 

Figure 7. Calculated ion and damage profiles for 100 and 500 eV Ar+ ions in Ga2O3. 

Figure 8. Switching characteristics from a current of 100mA to OV bias with different amounts 

of damage in the devices. 
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