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Facet formation of a GaN-based device using chemically assisted ion beam
etching with a photoresist mask
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Department of Materials Engineering, Sungkyunkwan University, Suwon 440-746, Korea

J. W. Lee and T. I. Kim
Photonics Laboratory, Samsung Advanced Institute of Technology, Suwon 440-660, Korea

(Received 13 October 1998; accepted 8 March 1999

The etch characteristics of GaN were investigated using chemically assisted ion beam etching
(CAIBE) for Cl, as a function of tilt angle. With increasing tilt angle the measured GaN etch rate
showed a maximum at 30° similar to the effect of tilt angle on the sputter yield. The etch profiles
of GaN etched by tilting the substrate less than 20° showed sidewall trenching. When the tilt angle
was more than 30°, an etch tail was observed at the bottom of the etched structure. With the CI
CAIBE, the anisotropy of the GaN etch profile was enhanced as the tilt angle was increased, and a
vertical etch profile could be obtained at a 50° tilt angle. The sidewall roughness of the etched GaN
laser device varied with the £flow rate and ion beam voltage. A highly anisotropic etch profile
with a smooth sidewall could be obtained by optimization of the ion beam voltage/current and Cl
flow rate. The surface of GaN etched by thg CAIBE system showed a Ga-deficient surface due

to the removal of Ga by the formation of GaCl © 1999 American Vacuum Society.
[S0734-210(199)14104-9

[. INTRODUCTION etching, and electron cyclotron resonand@&CR) plasma
etching have been investigated in order to obtain vertical and
Gallium nitride has received great interest over the passmooth etch profiles. CAIBE is known to be a suitable tech-
few years for application in blue/ultraviolet lasers, light emit- nique for obtaining vertical profiles with smooth sidewalls
ting diodes, photodetectors, and high temperature and higfor mirror facets’~*° There have been a few studies reported
power electronic deviced Currently, GaN facets required on GaN etching using CAIBE, and in them the GaN etching
for GaN laser devices are fabricated using dry etching due tased a 0° tilt angle only and used hard masks such as@®iO
the difference in the cleavage planes of sapphire substraté$/SiO, to prevent the loss of mask Iayét%l.1 If conven-
and GaN epitaxial layers grown on them. Due to the exceltional photoresist can be used as a GaN etch mask, the pro-
lent chemical and thermal stabilities of GaN, wet etching hasess steps in making optoelectronic devices can be reduced
proven difficult® Dry etching techniques are important for and the throughput will be increased. Therefore, in this
reliable pattern transfer in 1l nitrides such as GaN due to thestudy, the etch characteristics of GaN with conventional pho-
resistance of the material to wet chemical etchant. The fabtoresist were investigated using,@AIBE as a function of
rication of GaN facets using dry etching techniques requiresilt angle.
not only high GaN etch rates and high selectivities over
mask layers but also a vertical etch profile with a smooth
sidewall because the quality of the etched mirrors is often 4. EXPERIMENT
limiting factor for the performance of the laskmherefore, GaN samples such ap-GaN, n-GaN, AlGaN, and
the fabrication of vertical high quality facets in 1ll-V semi- |nGaN used in the experiment were grown by metalorganic
conductors is one of the key issues when optoelectronic deshemical vapor depositiofMOCVD) on sapphire substrates.
vices are intergrated monolithicafy Also, the sidewall These GaN samples including device structured
smoothness of the laser facets has received attention r&aN(p-GaN/AlGaN/InGaN/AlGaNh-GaN) were masked
cently. Some studies report improved methods for minimiz-and patterned using a conventional photoregBhipley
ing the sidewall roughness during the dry etchidg.many 1400-37. GaN etching was performed using a CAIBE sys-
instances, striations on the dry etched mesas result frome@m having a 210-mm-diam ion beam etch source, a Meiss-
roughness in the initial photoresist mask, and this roughnesser trap, and a load-lock chamber. As the ion beam etch
is transferred to the dielectric mask and then to the GaNsource, a filamentless radio frequency IGR-ICP) ion
Also, mask erosion during the etching could result in rough-source with three optically aligned Mo grids was used. A
ness in the case of GaN etching. plasma bridge neutralizer used to ignite the rf-ICP source
Dry etching techniques such as reactive ion etcliRi), = was also used to avoid the positive charge buildup of the
reactive ion beam etchin(RIBE), chemically assisted ion substrate and to prevent beam spreading. The current and
beam etching(CAIBE), inductively coupled plasm@CP)  voltage of the ion beam etch source used in the experiment
were fixed at 300 mA and 500 V, respectively. Six sccm of
dElectronic mail: gyyeom@yurim.skuu.ac.kr Ar was introduced into the ion source while reactive gases
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Fic. 1. Angular dependence of the GaN etch rate and the etch selectivity.
The angle was measured between the surfaces normal to the substrate and
the axis of the ion beam. The Ar ion beam voltage and current were 500 V 0.75 m

and 300 mA, respectively, the Cllow rate was 6 sccm, and the substrate © )
temperature was 20 °C.

0.75 /m

Fic. 2. GaN laser diode etch profile as a function of the tilt angle for 500
V/300 mA ion beam voltage/current, 6 sccm,@llow rate, and—20 °C
were distributed around the substrate through a nozzle. Theibstrate temperaturé) 0°, (b) 30°, (c) 50°, and(d) 60°.
reactive gas used in this experiment was. lhe substrate
was kept between-20°C and room temperature while ro-
tating the samples. The substrate was tilted from 0° tdlifferent from that by pure physical sputter etching, possibly
60°C. The tilt angle was measured between the substraue to a chemical reaction such as the formation of volatile
normal and the axis of the ion beam. The etch characteristiceaCl, involved in the CAIBE. The GaN etch rate shown in
such as etch rates, etch selectivities, and etch profiles wefdg. 1 is forn-GaN, and GaN etch rates fprGaN, AlGaN,
estimated using a profilometer and scanning electron micro@nd InGaN were also investigated for 30° and 50° tilt angles
copy (SEM). The variation of the surface composition of the for comparison. The GaN etch ratespfGaN, AlGaN, and
etched GaN samples was investigated using x-ray photoelet?GaN were similar to that oh-GaN for the experimental
tron spectroscopyXPS). To evaluate the electrical proper- conditions used in this study.
ties of the etched GaN such as the ohmic contact resistivity, Therefore, we investigated the etch profiles of a real GaN
the transmission line methodLM) was used. The ohmic laser diode device that had @-GaN/AlGaN/InGaN/
contacts for the TLM were fabricated on the etched GaN byAlGaN/n-GaN structure masked by a conventional photore-
electron-beam evaporation of Ti—Al using a lift-off tech- sist as a function of tilt angle, and the result is shown in Fig.
nique, followed by photoresist stripping and rapid thermal2. The same etch conditions as those in Fig. 1 were used
annealing. except for the substrate temperature. The substrate tempera-
ture used was-20 °C. The etch rate and the etch selectivity
of GaN etched at-20°C were similar to those etched at
lll. RESULTS AND DISCUSSION 20 °C. When the incident ion beam was perpendicular to the
Figure 1 shows the effect of tilt angle on the GaN etchsubstrate, sidewall trenching due to ion scattering at the side-
rates for 500 V/300 mA of ion beam voltage/current, 6 sccmwall was observed, as reported by other researchers, and also
of Cl, flow, and 20 °C substrate temperature. As shown ina positively sloped GaN, etch profile possibly due to erosion
Fig. 1, the GaN etch rate increased with an increase of tilbf the photoresist mask was observed as shown in Fa. 2
angle to 30° and a further increase of the tilt angle decreasefin increase of tilt angle decreased the trenching up to a 20°
the GaN etch rate. A GaN etch rate of 1800 A/min could betilt angle (not shown. A further increase of tilt angle, how-
obtained at a 30° tilt angle. The etch selectivity over theever, increased the possibility of etch tailing as shown at the
conventional photoresist also increased with the tilt angldottom edge of the structures of FiggbR-2(d). This etch
and showed 2.5 at a 20° tilt angle as a maximum. In generatailing appears to be from the shadowing effect of the ion
the selectivity was higher than 1.5 for the tilt angle investi-beam due to the mask layer. As can be seen, the anisotropy
gated in this study. The variation of the GaN etch rate withof the GaN etch profile increased as the tilt angle was in-
the increase of tilt angle appears to be related to the variatioareased to 50°, where a vertical GaN etch profile was ob-
in sputter yield with the increase of tilt angle for the sputtertained. A further increase of the tilt angle to 60° showed a
etching. The tilt angle showing the maximum etch rate wasiegatively sloped etch profile as shown in Figd)2 The
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Fic. 4. GaN etch profile etched with 500 V/300 mA Ar ion beam voltage/
current, 50° tilt angle;—20 °C substrate temperature, af®@l 8 and(b) 10
sccm C) flow rates.

the anisotropy of the etch profile. Also, a decrease of ion
beam voltage appears to reduce the sidewall roughness even
though the decrease of ion beam voltage decreased the GaN
etch rate(not shown. Currently the exact reason for the
0.6 m —_——— 06 m source of the sidewall roughness shown in our experiment is
() @ not clear and it needs more investigation. However, it ap-
pears to be related to the increased sputter redeposition of
Fie. 3. Etch profiles of different materials _used in the GaN laser diode. Theytapy products on the sidewall from the GaN wafer surface
materials were etched at 400 V/300 mA ion beam voltage/current, 8 sccm . . . .
Cl, 50° tilt angle, and—20°C substrate temperaturéa) p-GaN,  due to the high tilt angle rather than the difference in the
(b) AlGaN, (c) InGaN, and(d) n-GaN. materials in the device structure. Therefore, the increased
chemical reaction at the higher {low rate and the lesser
redeposition at the lower ion beam voltage appear to increase

change of etch slope with tilt angle appears to be related t§1€ Sidewall smoothness of the real device.

the relative etch rate of the sidewall etching of the sloped A Vertical etch profile with a very smooth sidewall could
photoresist and the sidewall etching of the GaN. be obtained by optimization of the ion beam voltage/current

Some degree of sidewall roughness with CAIBE was and C}, flow rate and _the result is _shoyvn in Fig. 5. The Gz?\N
observed at a tilt angle of more than 30° as shown in Figs‘?tCh rate at the condition shown in Fig. 5 was 1000 A/min.

2(c) and Zd). To study the origin of the sidewall roughness, During the etching of the real device structuneGGaN is
each of the different materials stacked in the real GaN lasefXP0sed to the ion beam. On the ion beam expos&aN
diode was etched to examine the difference of the material€U"face, an ohmic contact is fabricated by the deposition of
in sidewall roughness, and the result is shown in Fig. 3 fofmetals. The change in the stoichiometry of the ion beam
400 V/300 mA ion beam voltage/current, 8 sccrg, G0° tilt exposedn-QaN surface could cause changes in the ohmic
angle, and- 20 °C substrate temperature. The worst sidewallContact resistance. Therefore, the effect of CAIBE on the
roughness was obtained with InGaN compared \pitaN, ~ COmposition of the etched-GaN surface was investigated
n-GaN, and AlGaN. However, for the real device shown inUSing XPS and the result is shown in Fig. 6 for tmeGaN
Fig. 2, the thickness of InGaN was only a few hundred ang_etched at 500 V/300 mA ion beam voltage/current, 50° tilt

stroms and the location of the rough sidewall did not exactly2"9!€, 6 sccm GJ and —20 °C substrate temperature. The

coincide with the location of the InGaN layer in the device;
therefore, it may not be the source of the sidewall roughness
shown above. Therefore, the real device structure was etche
by varying the C} gas flow rate from 4 to 10 sccm at 500
V/300 mA of ion beam voltage/current, 50° tilt angle, and
—20°C substrate temperature. The degree of sidewall
roughness was also examined using SEM and some of the
results are shown in Fig. 4. The increase i, Gas flow
increased the GaN etch rate when the CI gas flow rate in-
creased from 4 to 6 sccm, however, a further increase in the?
Cl, gas flow rate to 10 sccm saturated the GaN etch rate.
Therefore, similar GaN etch rates were observed when the
Cl, flow rate was varied from 6 to 10 sccot shown. As 0:75:m, 0.75m

shown in Figs. &), 4(a), and 4b), an increase ir_‘ the ghas ~ FiG. 5. GaN etch profile etched under the optimized conditions of Ar ion
flow rate decreased the sidewall roughness without changingeam voltage/current and Cow rate.

J. Vac. Sci. Technol. A, Vol. 17, No. 4, Jul/Aug 1999
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Fic. 6. Ga/N ratio of the etched GaN surface measured by XPS. Etch con-
ditions: Ar ion beam condition/current 500 V/300 mA, tilt angle 50°, sub-

lon beam voltage ( volts )
strate temperature 20 °C, and CJ 6 sccm flow rate.

Fic. 7. Effects of ion beam voltage and tilt angle on the ohmic contact
resistance ofi-GaN etched at 300 mA ion beam current an@0 °C sub-
strate temperature.

surface compositions of an unetched GaN and the etched
GaN after an annealing and a HCI cleaning were included in
Fig. 6. As is shown, the etched-GaN showed a Ga- Ga-deficientn-GaN tends to form a low-resistance ohmic
deficient surface. The variation in surface composition as @ontact!®
function of tilt angle and ion beam voltage was also investi-
gated, however, in the case of,@AIBE, the surface com-
position was still Ga deficient and did not change greatl))v' CONCLUSIONS
with variation of the ion beam voltage and tilt angdleot In this study, a GaN laser diode structure having a con-
showr). As shown in Fig. 6, the degree of Ga deficiency ventional photoresist as the etch mask was etched using Cl
decreased after annealing and HCI cleaning was used as tlBAIBE, and the etch properties were investigated as a func-
postetch treatment before the deposition of Ti—Al metal lay-+tion of tilt angle.
ers. The n-GaN etch rate increased with the tilt angle and
After postetch treatments of variously etchedGaN, showed a maximum at a 30° of tilt angle, similar to the
ohmic contacts were formed by the deposition of Ti—Al met-effect of physical sputter yield of sputter etching on tilt
als followed by a rapid thermal annealing. A TLM pattern angle. Other materials such psGaN, AlGaN, and InGaN
was used to characterize the ohmic contact resistance. Figuused for the GaN laser diode also showed similar etch rates
7 shows the effects of ion beam voltage and tilt angle on thas then-GaN. The etch profile of the etched GaN laser diode
ohmic contact resistance of GaN etched at 300 mA of ion structure changed from a positively sloped profile to a nega-
beam current and-20 °C substrate temperature. The ohmictive profile, and a vertical etch profile was obtained at a 50°
contact resistance formed on unetchedGaN and that tilt angle. Also, sidewall trenching was observed when the
formed on the GaN etched using Ar ion milling at 700 V/300tilt angle was less than 20° due to ion scattering at the side-
mA ion beam voltage/current and 0° tilt angle were includedwall, and etch tailing was observed when the tilt angle was
as references. As shown in Fig. 7, the ohmic contact resisnore than 30° due to shadowing by the etch mask and the
tance (3—510 4 cn?) formed on then-GaN etched by etched structure. Sidewall roughness was observed when the
Ar ion milling was higher than that (4-%10°Q cnv) tilt angle was more than 30°. Different sidewall roughness
formed on the unetched GaN, possibly due to damage on theas observed when different materials used for the GaN la-
etchedn-GaN. However, the contact resistance formed orser diode were etched separately. An increase in théawV
the n-GaN etched at various ion beam voltages and tiltrate decreased the sidewall roughness of the GaN laser diode.
angles showed resistance (4% &0~ ° Q cn) similar to that A vertical GaN laser diode with a smooth sidewall was able
formed on the unetched GaN regardless of the ion bearto be fabricated by optimization of the ion beam voltage/
voltage and tilt angle used to etch theGaN. No significant current and Gl flow rate.
effect of ion beam voltage and tilt angle on the ohmic contact Ohmic contacts fabricated on theGaN etched at various
resistance can be related to the Ga-deficient surface laydiit angles and ion beam voltages showed similar resistance
remaining on the etched-GaN because it is reported that as those fabricated on the unetchedsaN, therefore, no
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