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In this study, Cl2 /Ar and Cl2 /BCl3 inductively coupled plasmas were used to etch GaN and the
effects of etch parameters such as gas combination and operation pressure on the characteristics of
the plasmas and etch properties of GaN were investigated. The characteristics of the plasmas were
estimated using a Langmuir probe and optical emission spectroscopy. Surface residue remaining
after the etch was investigated using x-ray photoelectron spectroscopy~XPS!. The increase of Ar
and BCl3 in Cl2 generally reduced GaN etch rates except for the small addition of Ar or BCl3 . With
the addition of 10% Ar or 10% BCl3 to Cl2, the GaN etch rates showed the maximum etch rates.
Also, the increase of operational pressure up to 30 mTorr increased the GaN etch rates. By
optimizing etch process parameters, etch conditions having smooth and nearly vertical etch profiles
with the etch rates close to 8500 A/min and the selectivity over SiO2 higher than 3.5 could be
obtained with Cl2-rich Cl2 /BCl3 gas combinations. The change of Cl radical density measured by
optical emission spectroscopy as a function of gas combination showed the same trend as the change
of GaN etch rates, therefore, chemical reactions between Ga in GaN and Cl from Cl2 appear to be
one of the most important factors controlling the GaN etch rates. Ga/N ratios of the etched GaN
surfaces measured by angle resolved XPS were less than 1 for all of the etch conditions used in the
experiment. However, when Ar was added to Cl2 , Ga/N ratio increased and, when BCl3 was added,
the Ga/N ratio decreased from that of the GaN surface etched using pure Cl2 . © 1998 American
Vacuum Society.@S0734-2101~98!60703-X#
se
i

h
ar
ch

io
ga
in
d
-
s

p
h

is
h
o
v

epo-
a

ar
lo-
3.56
to

ltage
i-

ias
W,

ea-
lus

he

sed
tive

as

ter
I. INTRODUCTION

To fabricate GaN-based light emitting diodes and la
diodes, the development of GaN dry etching techniques w
high etch rates, high selectively over mask materials, hig
anisotropic etch profiles, and smooth sidewalls
required.1–3 To meet these requirements, dry etching te
niques using electron cyclotron resonance~ECR! plasmas,
inductively coupled plasmas, and chemically assisted
beam plasmas have been used with various
combinations.4–12 In general, Cl2-based gases were the ma
etch chemistries for III–V compound semiconductors inclu
ing GaN due to the higher volatility of III chlorides com
pared to other halogen-based or hydrocarbon-ba
gases.2,3,12

In this study, planar inductively coupled Cl2 /Ar and
Cl2 /BCl3 plasmas were used to etchn-GaN, and the effects
of process parameters such as gas combination and gas
sure on the characteristics of the plasmas and the etch c
acteristics of GaN were studied. The change of gas chem
can also induce surface change of the chemistry of the etc
GaN. Therefore, the variation in the surface composition
GaN depending on the process parameters were also in
tigated.

a!Electronic mail:gyyeom@yurim.skku.ac.kr
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II. EXPERIMENT

Si-dopedn-GaN epitaxial layers were grown on~0001!
sapphire substrates using metalorganic chemical vapor d
sition ~MOCVD!. The GaN was patterned using a plasm
enhanced chemical vapor deposited~PECVD! SiO2 mask.

The inductively coupled plasmas~ICP! were generated
with a 13.56 MHz rf power which was applied to a plan
spiral Cu coil separated by a 1-cm-thick quartz window
cated on the top of the process chamber. A separate 1
MHz rf power was also applied to the bottom electrode
generate dc self-bias voltages measured using a high vo
probe~Tektronix P6015A!. The GaN was etched using var
ous combinations of Cl2 /BCl3 and Cl2 /Ar at operational
pressures from 10 to 30 mTorr while inductive power, b
voltage, and substrate temperature were fixed at 600
2120 V, and 70 °C, respectively. The etch rates were m
sured from the depth of the etched features with a sty
profilometer after removing the SiO2 mask layer in a buff-
ered oxide etchant.

A single Langmuir probe inserted in the center of t
chamber and biased at240 V to collect ion currents was
used to measure ion current densities of the chlorine-ba
inductively coupled plasmas as a measure of total posi
ion densities. Optical emission spectroscopy@~OES! SC
Tech. PCM402# was used to monitor plasma species such
Cl, Cl1, and BCl and etch byproducts such as Ga, N2, and
GaClx in the plasmas during the GaN etching. 2-in. diame
1478/16 „3…/1478/5/$15.00 ©1998 American Vacuum Society
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1479 Lee et al. : Etch characteristics of GaN 1479
blank GaN/sapphire wafers were used to enhance the sig
of the byproducts. Surface morphology, etch anisotropy,
sidewall undercutting of the etched GaN were evaluated w
a scanning electron microscope~SEM!. Surface composition
of the variously etched GaN was investigated using an
resolved XPS ~Fisons Instruments Surface System
ESCALAB 220i! after the etching.

III. RESULTS AND DISCUSSION

Figure 1 shows the effects of gas composition of Cl2 /Ar
and Cl2 /BCl3 on the GaN etch rates at 600 W of inductiv
power, 2120 V of dc-self bias voltage, 70 °C of substra
temperature, and operational pressure of 10 and 30 mT
The inductive power, bias voltage, and the substrate t
perature used in this experiment was chosen from the pr
ous experiment to give optimal process conditions.6 The in-
crease of inductive power, bias voltage, and subst
temperature generally increased the GaN etch rates w
reducing the etch selectivity. As shown in the figure, t
increase of Ar percent to 10% increased GaN etch rate
4000 Å/min at 10 mTorr, however, the further increase of
percent in chlorine plasmas reduced the GaN etch r
monotonically. The same trend was observed when the
erational pressure was increased to 30 mTorr and the G
etch rate increased to 6500 Å/min at 10% Ar. The addition
BCl3 instead of Ar enhanced the GaN etch rates as show
the figure. Also, the same trend as the Ar addition was
tained, therefore, the highest GaN etch rates were obtaine
10% BCl3 and the increase of operational pressure to
mTorr generally improved the GaN etch rates even tho

FIG. 1. GaN etch rates as a function of gas combination of Cl2 /Ar and
Cl2 /BCl3 plasmas for the operational pressure of 10 and 30 mTorr at 60
of inductive power,2120 V of bias voltage, and 70 °C of the substra
temperature.
JVST A - Vacuum, Surfaces, and Films
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GaN etch rates at 10 mTorr were higher than those at
mTorr at the high BCl3 percentages. At the condition of 10%
BCl3 and 30 mTorr, a GaN etch rate close to 8500 Å/m
was obtained. The etch selectivities over SiO2 were also
measured for some of the etch conditions, and the etch
lectivity was 3.7 at the condition of 10% BCl3 and 30 mTorr.
The highest etch selectivities were observed at 30 mTorr
were 5.2 for 25% BCl3 and 4.8 for 25% Ar. In general, the
change of additive gas from Ar to BCl3 increased the etch
selectivity.

To understand the effects of the gas combination and
pressure on the GaN etch rates, plasma characterization
such as a Langmiur probe and optical emission spectrosc
were used and the results are shown in Fig. 2~a! for Cl2 /Ar
and Fig. 2~b! for Cl2 /BCl3 at 30 mTorr. Using the Langmui
probe, ion current densities were measured as an estima
of total positive ion densities in the plasmas and, using o
cal emission spectroscopy, estimates of Cl radical peak
tensity and Cl1 ion peak intensity were obtained. As show
in Fig. 2~a!, the addition of Ar to chlorine increased io
current density, that is, total positive ion density. The
crease of Ar also increased Cl1 ion peak intensity measure
by optical emission spectroscopy.~The increase of Cl1 ion
peak intensity with the increase of Ar is not clear, howev
the variation of ion densities with gas combinations are c
rently under investigation with an ion mass spectrome
and will be published in the near future.! However, the ad-
dition of Ar generally decreased chlorine radical density e
cept for the small addition of chlorine near 10% Ar. Th
addition of 10% Ar to chlorine increased the chlorine radic
density. The addition of BCl3 in Fig. 2~b! also decreased C
radical density except for the addition of 10% BCl3 similar to
Ar addition. However, the increase of BCl3 decreased the ion
current density and Cl1 ion density even though Cl1 ion
density measured by the optical emission spectroscope
peared to show a slight increase near 10% BCl3 . A peak
corresponding to BCl radical was also observed and
creased with the increase of BCl3 . Reducing pressure to 1
mTorr also showed the same trend as that at 30 mTorr, h
ever, the intensities of each species were smaller~not
shown!.

When the etch results shown in Fig. 1 are compared w
the characteristics of the plasmas shown in Fig. 2~a! and
2~b!, the increase of GaN etch rates near the 10% Ar a
10% BCl3 appears to be mostly related to the increase of
radical density near 10% of the additives. The increase
total positive ion densities with the increase of the addit
gases shown in Fig. 2~a! did not increase the GaN etch rate
Therefore, in our GaN etching, chemical reactions betw
Cl radical and GaN appears to be one of the most impor
factors governing GaN etch rates.

Using optical emission spectroscopy, the peaks emi
from etch byproducts were measured and are shown in Fi
for the Cl2 /BCl3 gas combination. 2-in. diameter blank an
3-mm-thick GaN deposited sapphire wafers were used to
hance the signal intensities during the etching and the e
time used to monitor the optical emission signals was l
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1480 Lee et al. : Etch characteristics of GaN 1480
than 4 min. Figure 3~a! shows the measured optical emissi
spectra of the plasmas from 250 to 450 nm for differe
Cl2 /BCl3 gas combinations at 30 mTorr. To identify th
peaks from the byproducts, an optical emission spect
from the plasma for 50%Cl2 /50%BCl3 without loading the
GaN wafer was measured and included in the figure, and
identified peaks with GaN wafers were Ga~403 nm!,
GaCl~337 nm!, and N2~358 nm!. Figure 3~b! shows the ef-
fects of the gas pressure on the emission intensities from
GaCl, and N2 at the condition of 90% Cl2/10% BCl3 , 600 W
of inductive power, and2120 V of dc bias voltage. The
emission peaks were normalized to the relative peak inte
ties from pure Cl2 . As shown in the figure, the peak inten
sities increased with the increase of operational press

FIG. 2. Ion current density and relative OES signal intensities as a func
of gas composition of~a! Cl2 /Ar and ~b! Cl2 /BCl3 at 600 W of inductive
power,2120 V of bias voltage, 30 mTorr of operational pressure, and 70
of substrate temperature.
J. Vac. Sci. Technol. A, Vol. 16, No. 3, May/Jun 1998
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which is consistent with the increase of Cl radical dens
and ion density with gas pressure as also shown in Fig. 3~b!,
and which may imply the increase of both chemical etch
effect and physical sputtering effect with the increase of
erational pressure. Figure 3~c! shows the effects of gas com
position, and also the signal intensities from each spe
were normalized to those from pure Cl2 , respectively. The
intensities showed the maximum values at 10% BCl3 similar
to the trends of GaN etch rates. The maximum emiss
intensity from GaCl intensity and possibly that from N2

could also be also understood from the enhanced chem
etching effect between Ga in GaN and Cl from Cl2 gas due to
the maximum Cl radical intensity at 10% BCl3 . The maxi-
mum intensity of Ga at 10% BCl3 was possibly originated
not only from the physical sputtering effect, but also fro
the dissociation of GaClx (x51,2,3) emitted from the GaN
surface especially for high density plasma conditions,
cause the ion density measured using a Langmuir pr
which is responsible for the physical sputtering effe
monotonically with the increase of BCl3 as shown in Fig.
2~b!. Therefore, the increase of the Ga intensity near the 1
BCl3 may also be related to the increased chemical etchin
the etching condition.

Figure 4 shows the effects of gas composition on the e
profiles for 10% Ar and 10% BCl3 at 30 mTorr. 1-mm-thick
SiO2 mask was used to investigate GaN etch profiles. Figu
4~a! and 4~b! show the etch anisotropy and sidewall et
profile for 10% Ar, and Figs. 4~c! and 4~d! for 10% BCl3 ,
respectively. Anisotropic etch profiles and smooth sidew
profiles could be obtained for both conditions. In fact, mo
anisotropic etch profiles close to 90° and smoother sidew
could be obtained with pure Cl2 . The addition of Ar and
BCl3 to 100% generally decreased the etch anisotropy,
creased the trenching near the bottom edge possibly du
the ion reflection from the sidewall and enhanced sputter
at the bottom edge by those ions, and rougher sidewall
face ~not shown!. Rougher sidewall was obtained with th
addition of Ar instead of BCl3 at the same percent of th
additive gas. The loss of the anisotropy with the increase
BCl3 appears to be related to the deposition of sidewall re
dues possibly consisting of a mixture of low vapor press
GaClx and SiOx , however, the rougher sidewall surface wi
the addition of Ar compared to that with the addition of BC3

appears to be more related to the enhanced mask erosio
Angle resolved x-ray photoelectron spectroscopy was c

ried out to investigate the variation of Ga/N ratio of th
etched GaN surface for different gas combinations
Cl2 /BCl3 and Cl2 /Ar at 30 mTorr, and some of the resul
are shown in Fig. 5. The lower takeoff angle represents
detection of XPS signals from the shallower position of t
etched GaN surface. As a reference, x-ray photoelec
spectroscopic data for the nonetched~control! GaN surface
was included. As shown in the figure, all of the GaN surfac
etched in our experimental conditions showed nitrogen-r
surfaces. The addition and increase of Ar to Cl2 increased the

n
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FIG. 3. OES results on GaN etching using Cl2 /BCl3; ~a! OES spectra showing etch byproducts as a function gas composition,~b! the relative emission
intensities of byproducts, Cl radical emission intensity, and ion current density as a function of operational pressure, and~c! relative emission intensities a
a function of gas composition.
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Ga/N ratio of the etched surface toward the stoichiome
Ga/N ratio of 1.0, however, the addition and increase of B3

reduced the Ga/N ratio lower than that etched in pure ch
rine. This altered GaN surface could give an impact on
resistance of ohmic contact which will be formed on t
etched GaN surface after the etching.
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IV. CONCLUSIONS

In this study, the effects of gas addition such as Ar a
BCl3 to Cl2 and operational pressure on the GaN etch ch
acteristics were investigated using inductively coup
plasma equipment.
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The increase of Ar or BCl3 in Cl2 generally reduced GaN
etch rates except for the small addition of Ar or BCl3 . With
the addition 10% Ar and 10% BCl3 in Cl2 at 30 mTorr, the
GaN etch rates showed the maximum etch rates of 6500
8500 Å/min, respectively. Etch selectivity of 3.7 could b
obtained at the highest etch rate condition of 10% BCl3 . The
highest etch selectivity was obtained near 25% of addi
gases. Etch profiles were less vertical and showed rou
sidewalls with the increase of Ar and BCl3 possibly due to
the deposition of low pressure sidewall residue, howev
acceptable etch profiles and smooth sidewalls were obta
with the addition of 10% Ar or 10% BCl3 . The change of Cl
radical density as a function of gas combination showed
same trend as that of the GaN etch rate, therefore, chem
reactions between Ga in GaN and Cl from Cl2 appeared to be
one of the most important factors controlling the GaN e
rates. Angle resolved x-ray photoelectron spectrosc
showed that Ga/N ratios were less than 1 for all of the e
conditions used in the experiment. However compared to

FIG. 4. SEM micrographs of PECVD-SiO2 masked GaN etch profiles; th
etch anisotropy~a! and sidewall roughness~b! for 10% Ar, and the etch
anisotropy~c! and sidewall roughness~d! for 10 BCl3 .
J. Vac. Sci. Technol. A, Vol. 16, No. 3, May/Jun 1998
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Ga/N ratio of the GaN surface etched using pure Cl2 , the
addition of Ar to Cl2 increased the Ga/N ratio and the add
tion of BCl3 reduced the Ga/N ratio.
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