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Bulk, single-crystal Ga2O3 was etched in BCl3/Ar inductively coupled plasmas as a function of ion

impact energy. For pure Ar, the etch rate (R) was found to increase with ion energy (E) as predicted

from a model of ion enhanced sputtering by a collision-cascade process, R /(E0.5 – ETH
0.5), where

the threshold energy for Ga2O3, ETH, was experimentally determined to be �75 eV. When BCl3
was added, the complexity of the ion energy distribution precluded, obtaining an equivalent thresh-

old. Electrically active damage introduced during etching was quantified using Schottky barrier

height and diode ideality factor measurements obtained by evaporating Ni/Au rectifying contacts

through stencil masks onto the etched surfaces. For low etch rate conditions (�120 Å min�1) at

low powers (150 W of the 2 MHz ICP source power and 15 W rf of 13.56 MHz chuck power), there

was only a small decrease in reverse breakdown voltage (�6%), while the barrier height decreased

from 1.2 eV to 1.01 eV and the ideality factor increased from 1.00 to 1.06. Under higher etch rate

(�700 Å min�1) and power (400 W ICP and 200 W rf) conditions, the damage was more signifi-

cant, with the reverse breakdown voltage decreasing by �35%, the barrier height was reduced to

0.86 eV, and the ideality factor increased to 1.2. This shows that there is a trade-off between the

etch rate and near-surface damage. Published by AIP Publishing.
[http://dx.doi.org/10.1063/1.4979592]

Ga2O3 is attracting attention for its application in solar-

blind UV light-emitters, gas sensors, and power electron-

ics.1–7 The b-polytype is the most stable, exhibits wide

bandgap (�4.8 eV), and can be grown in the form of very

high quality bulk crystals and epitaxial films.1–11 Bulk sub-

strates up to 4 in. in diameter with the absence of twin

boundaries have been demonstrated,1 leading to variety of

electronic devices such as Schottky diodes, enhancement-

mode fin field effect transistors, and metal-oxide field effect

transistors with impressive performance.12–21 There is still

much work to be done to develop processing modules for

this material and to understand the effects of these processes

on the electrical properties. While numerous wet etchants

have been reported for Ga2O3, including HNO3/HCl and

HF,22,23 little is known about its dry etching characteristics

and the associated mechanisms and effects on the electrical

properties of the material. Some initial results have appeared

on reactive ion and inductively coupled plasma (ICP) etching

in SF6 and Cl2/BCl3 mixtures,24,25 while plasma-induced

damage from Ar24 was found to induce measurable changes

in absorption properties. One of the best ways to quantify the

electrical damage due to dry etching is to look at changes in

the barrier height of Schottky diodes fabricated on the etched

surface.26 Schottky contact technology is relatively well-

established for Ga2O3.27,28

In this letter, we report on an investigation of the etching

characteristics of high-quality, bulk single-crystal Ga2O3 in

inductively coupled plasmas (ICPs) of BCl3/Ar, a common

plasma chemistry for III–V compound semiconductors and

electronic oxides.29 BCl3 is a Lewis acid that is effective in

reacting with oxides and it getters water vapor. The etching

mechanism was investigated by varying the ion impact

energy and the resulting effects on the barrier height and ide-

ality factor of Schottky diodes deposited onto the etched sur-

face of the Ga2O3.

The starting sample was a bulk b-phase Ga2O3 single

crystal with (-201) surface orientation (Tamura Corporation,

Japan) grown by the edge-defined film-fed growth method.

Hall Effect measurements showed that the sample was

unintentionally n-type with an electron concentration of

�3� 1017 cm�3. Full-area back Ohmic contacts were created

using Ti/Au (20 nm/80 nm) deposited by e-beam evaporation.

Linear current-voltage behavior was obtained without the

need for a rapid annealing step. Photoresist masked and

unmasked samples were exposed to 15BCl3/5Ar discharges

(where the numbers represent the respective gas flows in

standard cubic centimeters per minute) in a Plasma-Therm

Versaline ICP reactor. The 2 MHz power applied to the

3-turn ICP source was varied from 150 to 400 W, while the rf

(13.56 MHz) chuck power was varied from 15 to 200 W. The

power controls the ion density, while the latter controls the

ion energy. Over the rf power range investigated, the dc self-

bias on the sample electrode varied from �10 V to �146 V.

The electrode setup uses mechanical clamping on the periph-

ery of the wafer, with the region between the electrode and

wafer back side being enveloped with He (maintaining a 4 torr

pressure) sealed behind the wafer to get good heat transfer

between the wafer and electrode even in a high bias process.

Then, the heat exchanger temperature of 25 �C can be main-

tained efficiently on the sample, helping to prevent any resist

reticulation. Etch rates were obtained from stylus profilometry

measurements of the patterned samples. The blanket samples
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with full area back contacts were used for electrical measure-

ments since we did not want interference from resist removal

processes to affect the etched surface. Schottky contacts

were prepared on the front sides of the unmasked samples by

e-beam deposited contacts Ni/Au (20 nm/80 nm) through a

stencil mask. Figure 1 shows a schematic of the completed

diodes. The forward and reverse current-voltage (I–V) char-

acteristics were recorded at 25 �C using an Agilent 4145B

parameter analyzer. Three diodes were measured for each

condition, and the results were found to be within 5% in

terms of breakdown voltage, a testament to the excellent uni-

formity of the substrates.

We were able to identify two etch regimes with high and

low rates. These are summarized in Table I. With discharge

gas compositions of 15BCl3 /5Ar and conditions of relatively

high ICP source power (400 W) and rf chuck power (200 W),

the etch rate was 692 Å min�1, the highest yet reported for

Ga2O3. Note that photoresist is not degraded by these condi-

tions, and they represent practical plasma parameters for

device fabrication processes. At lower source power (150 W)

and rf power (15 W), the etch rate was 121 Å min�1.

To establish the mechanism for etching, the etch rates

were obtained for different plasma compositions and chuck

biases. Figure 2 shows the Ga2O3 etch rate as a function of

the substrate bias, Vb in BCl3/Ar discharges. The ICP source

power was held constant at 150 W for these runs. The x-axis

is plotted as the square root of the average ion energy, which

is the plasma potential of �25 V minus the dc self-bias. A

commonly accepted model for an etching process occurring

by ion-enhanced sputtering in a collision-cascade process

predicts that the etch rate will be proportional to E0.5-ETH
0.5,

where E is the ion energy and ETH is the threshold energy.30

Therefore, a plot of etch rate versus E0.5 should be a straight

line with an x-intercept equal to ETH. The BCl3/Ar data

would indicate negative activation energy, but this is an arti-

fact of the complexity of the ion energy distribution in that

chemistry, as reported in detail previously.31–33 In the case

of Ar, which is a pure ion-assisted etch mechanism, the value

of ETH was �75 eV. We use the Ar-only etching simply to

derive the threshold energy for initiation of etching. This is

not a practical etch process since the selectivity to mask

materials is low, and there will be maximum ion-induced

damage.

To understand the relative magnitude of electrically

active damage induced by different etch conditions, the I–V

characteristics were recorded. The basic current transport

processes in Schottky contacts will be thermionic emission,

which generally dominates for moderately doped, high-

mobility semiconductors.33 The I–V characteristic is then

given by the relation33

I ¼ IS exp eV=nkTð Þ
�

1� exp � eV

nkT

� ��
;

where IS is the saturation current given by

IS ¼ AA�T2 exp ubð Þ=kT;

where A is the contact area, A* is the effective Richardson

constant (33.7 A cm�2 K�2 for Ga2O3),27 UB is the effective

barrier height, n is the ideality factor, e is the electronic

charge, k is Boltzmann’s constant, and T is the absolute tem-

perature. If the current flow is dominated by thermionic

emission, then the ideality factor n should be close to unity,

with a small increase from unity due to the image force

effect.27,33,34

Figure 3 shows the reverse I–V characteristics of the

diodes for different ICP and rf powers and etch times, corre-

sponding to the high rate and low rate etching conditions,

respectively. Note that the low rate conditions with a low

FIG. 1. Schematic of Ni/Au Ga2O3 Schottky diodes on dry etched surfaces.

TABLE I. Schottky barrier height and diode ideality factor for Ga2O3 under different ICP conditions of 15 BCl3/5 Ar discharges. Low etch A and B refer to

different times (10 and 20 mins, respectively) under low etch rate conditions. The high etch rate condition was also carried out for 10 min.

Sample ICP Power (W) RF Power (W) Etch Rate (Å/min) Schottky Barrier Height (eV) Ideality Factor

Reference 0 0 0 1.20 1.00

High etch 400 200 692 0.86 1.20

Low etch A 150 15 121 1.01 1.06

Low etch B 150 15 121 1.02 1.08

FIG. 2. The etch rate of Ga2O3 in BCl3/Ar plasmas as a function of the aver-

age ion kinetic energy (plasma potential of þ25 V minus the measured dc

bias voltage).
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source and chuck powers for an etch time of 10 min lead to a

decrease of �6% in reverse breakdown voltage compared to

the unetched reference sample. If the etching under these

conditions continues for twice as long (20 min), the degrada-

tion in reverse breakdown voltage is more severe, indicating

that the ion-induced damage accumulates. The fast etch rate

conditions with a high source and chuck power lead to a

decrease in the breakdown voltage of �35%. The degrada-

tion in reverse characteristics is common in semiconductors

and is ascribed to introduction of point defects that act as

generation-recombination centers and traps for free carriers

(see Ref. 35, pp. 309–360).

Figure 4 shows the forward I–V characteristics for the

same etching conditions as Figure 3. For extraction of the

effective barrier height from the I–V characteristics of our

Schottky diodes, we fitted the linear portions that obeyed the

ideal thermionic-emission behavior. We did not observe the

significant hysteresis effects in these diodes, with measure-

ments standardized to repeat the I–V sweep at 1 min inter-

vals. The shift in the I–V curves is due to contributions from

leakage current contributions from both the bulk space-

charge region and the surface. Surface leakage can be more

significant in diodes containing plasma-induced damage.36

Table I also summarizes the resulting values. The reference

values of UB of 1.07 eV and n¼ 1.00 (these values are

comparable to previous results for Ni7,37) are degraded by

the etching processes. For the high etch rate condition, UB

decreases to 0.86 eV and n increases to 1.20. The low rate

etch conditions lead to smaller amounts of degradation in

both the barrier height and ideality factor. This suggests that

an obvious strategy when needing to etch large distances in

Ga2O3 while maintaining the electrical quality of the final

surface is to initially employ high power conditions and then

reduce these powers as the endpoint is reached. This type of

process where initial high ion energy (and high rate process)

is followed by “soft landing” near the end of the etch is uti-

lized in other wide-bandgap semiconductors such as high

rate SiC etching and has been found to be a solution for pre-

venting the surface damage, notching, and micro-trenching

near the bottom of sidewalls and on the wafer surface. Of

course, annealing or wet etch cleanup of damaged surfaces

can also be employed to recover a pristine surface after

plasma etching.

In summary, dry etching processes for Ga2O3 have been

identified with a high rate in one case and low amounts of

damage in the other. The ion energy threshold for etching

Ga2O3 under purely physical conditions was obtained. For

BCl3/Ar, the etch rate increases with ion energy as predicted

from an ion-assisted chemical sputtering process.
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