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Magnetized inductively coupled plasma etching of GaN
in Cl,/BCl3 plasmas *
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In this study, CJ/BCl; magnetized inductively coupled plasmas were used to etch GaN, and the
effects of magnetic confinements of inductively coupled plasmas on the GaN etch characteristics
were investigated as a function of ZBCl;. Also, the effects of Kr addition to the magnetized
Cl,/BCl; plasmas on the GaN etch rates were investigated. The characteristics of the plasmas were
estimated using a Langmuir probe and quadrupole mass spectrqi@®i§). Etched GaN profiles

were observed using scanning electron microscopy. The small addition @ B®b6—20% in Cl,
increased the GaN etch rates for plasmas both with and without magnetic confinements. The
application of magnetic confinements to the [BCl; inductively coupled plasmas increased the
GaN etch rates and changed the BCl; gas composition of the peak GaN etch rate from 10%
BCl; to 20% BC}. It also increased the etch selectivity over the photoresist, while slightly reducing
the selectivity over Si@. The application of the magnetic field significantly increased positive
BCl, measured by QMS and total ion saturation current measured by the Langmuir probe. Other
species such as Cl, BCI, and*Cihcreased, whereas species such as, B@tl BCl decreased with

the application of the magnetic field. Therefore, it appears that the increase of the GaN etch rate in
our experiment is related to the increased dissociative ionization of BCthe application of the
magnetic field. The addition of 10% Kr in an optimized, (BCl; condition(80% CL/20% BCE)

with the magnets increased the GaN etch rate about 60%. A more anisotropic GaN etch profile was
obtained with the application of the magnetic field, and a vertical GaN etch profile was obtained
with the addition of 10% Kr in an optimized £IBCl; condition with the magnets. @000
American Vacuum Societ)S0734-210(00)16404-§

[. INTRODUCTION Il. EXPERIMENT

lll-nitride semiconductors such as GaN have great poten- Tpe specimen was undoped GaN epitaxial layers grown
tial for the fabrication of optoelectronic devices such asyq ¢ axis AlLO; substrates using metal—organic chemical-
Ilght-emlttlng diodes ;mlj Iaigrhdmdes, UY ?J:‘\_tgftorﬁ' ancLapor deposition; before etching, the GaN was patterned by
microwave-power and ultra-hig -power switc €s.n the SiO, masks deposited by plasma-enhanced chemical-vapor
case of GaN-based optoelectronic devices, fabricating the der

vices successfully requires reproducible etching processedsepOS'tlon' To etch GaN, a specially designed inductively

with high etch rate, vertical, and smooth etch profite’? coupled plagma unit was fabricated that can hold a perma-

To obtain high GaN etch rates, high-density plasmas sucHe_m magnetic bucket inside the chamber and Helmholtz-type
as electron cyclotron resonance plasmas and inductivel?x'al electromagnets a_round _the chgmber wall. The chamber
coupled plasmag¢ICPs have been used recently by many Was square shaped, with an inner size of 210>#h0 mm,
researcher§:*® The application of a magnetic field to induc- @hd was made of anodized aluminum. A square array of
tively coupled plasmas is known to further increase plasmanagnet housing made of anodized aluminum was used to
densities, but also to increase the plasma uniformity if adinstall 3000 G permanent magnets around the inner wall of
equate combinations of permanent magnetic cusping anihe chamber. Two square-shapgB00 mmix500 mm)
Helmholtz-type axial magnets are uséd. Helmholtz-type axial electromagnetseparated by 20 cm

In this study, GaN etch rate characteristics and plasmand having 20 G inside the chamber by the application of 32
characteristics were studied in,CBCl; gas mixtures for a A to the coil9 were also positioned outside the chamber. By
magnetized inductively coupled plasma configuration, whichysing a suitable combination of permanent magnets and
is made of a permanent magnet bucket and Helmholtz-typgieimholtz-type axial magnets with the conventional induc-
axial elgctromagnets. Th_e reSl_JIts were compared with thﬁvely coupled plasmas, an increase of plasma density and
conventional nonmagnetized inductively coupled plasmaqy s qyed plasma uniformity compared to previous studies
configuration by removing the magnetic field. could be obtained’ The details of the characteristics of the

. . , o plasmas and the magnet configurations used in this experi-

*No proof corrections received from author prior to publication.
dElectronic mail: yhlee-msk@hanmail.net ment can be found elsewhefe.
DElectronic mail: gyyeom@yurim.skku.ac.kr The undoped GaN was etched as a function of gas ratio of
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Cl,/BCl; at 600 W of inductive power;:-200 V of dc self- 26
bias voltage, 10 mTorr of operational pressure, and 70°C  gp0 | -4~ Undoped GaN 14
substrate temperature. The GaN was also etched as a fun /O o oo '
tion of Kr (0—30 sccm added to the optimized €IBCl, [ o O\o 422
chemistry of 80% Gl (24 sccm/20% BCL (6 sccm with T 4000 | .
magnets. The GaN etch rates were measured from the dept& \ 4290
of the etched features with a stylus profilometer after remov--< | \ N o) T &
ing the SiQ mask layer in a buffered oxide etchant. To £ 3000} \-A\ '.1'8 8
obtain etch selectivities, patterned $iénd photoresist were ‘f_E i © \ \ 16 =
also etched, and the etch rates were obtained by measurinLT‘j o | =
the remaining steps before and after the etch using the ste 2000 | ><E 414
profilometer. I o O—~—¢p 1

lon saturation current and plasma species such as €}, Cl u-n/ \El/ 12
Cl; , and BC) were monitored by a single Langmuir probe 1000 |- v 1o
(Hiden Analytical Ltd.; model ESPand quadrupole mass L T
spectrometry(Hiden Analytical Ltd.; QMS as functions of 0 2 40 60 80 100
with/without magnets and gas composition of, (BCl;. A (a) BCI/(CI,+BCl,) %
single Langmuir probe inserted in the center of the chambet
and bias voltage from-60 to +40 V to collect ion currents 28
were used to measure the ion saturation current of the 5500 | 154
chlorine-based plasma as a measure of total positive ions /O A iﬁZESSZZdGaN N
The profiles of the etched GaN were evaluated with a scan- -O-5i0,GaN 422
ning electron microscop¢SEM) after removing the Si© = 4000} /‘ o\ -
mask layers. £ 3 \\A 420

3 L\ .

lIl. RESULTS AND DISCUSSION g ooer N0 D/\D\8><f {8

To investigate the effects of magnetic confinements on theg I | e é‘
etch properties of GaN, undoped GaN thin films were etched" 200 |- \ 114
in the inductively coupled plasma equipment with both the | m] o) ]
magnetized ICRMICP) configuration and the conventional / \ 412
nonmagnetized ICP configuration. Figuresa)land Xb) 1000 |- with the magnets (permanent+electromagnets) ~Q
show GaN etch rates and their etch selectivities over photo- A
resist and Si@as a function of gas combination of BZCI, 0 20 40 60 80 100
for 600 W of rf power,—200 V of dc self-bias voltage, and () BCL,/(CL,+BCl,) %

10 mTorr of operational pressure for ICP and MICP, respec-
tively. As shown in Fig. 1, with the conventional ICP con- Fic. 1. GaN etch rates and selectivities_ as afunction of gas cc_)mbination of
fguraton, the GaN etch rate showed the highest etch raifls/ "3 PETIeS SO TTor B0V kene pouerin e o
near 10% of BGJ and the highest etch rate with this ICP was yjth the magnetic fieldpermanent electromagneisib).
about 3500 A/min. The further increase of B@h Cl, de-
creased the GaN etch rate continuously. The etch selectivity
over the photoresist increased slowly with the increase o$aturation current measured using a Langmuir probe was
BCl; from 1.1 to 1.4, and the etch selectivity over $i@as  also included in Fig. 2. From the quadrupole mass spectrom-
the highest near 20% of Bghnd was in the range of 1.6— etry, the most abundant positive ion species werg &id
2.4. By applying the magnetic fieldICP) at the same etch- BCIl; , and the most abundant radical species was Cl for both
ing condition, the GaN etch rate increased in general, and theith and without the magnets. Without the magnets, Cl
highest GaN etch rate above 5000 A/min was obtained nedons showed a maximum at 10% of BCland BC} ions
20% of BCk. Also, by applying the magnetic field, the GaN showed a maximum at near 40% of BCICI radicals
etch selectivity over the photoresist increased in generakhowed a maximum near 20% of BCIThe total ion current
whereas the etch selectivity over Si@ecreased slightly. measured using the Langmuir probe showed a maximum at
To understand these changes in the etch behaviors by tH®% BCE. By applying the magnetic field as shown in Fig.
application of a magnetic field, the characteristics of plasmag(b), the maximum of BC] and the total ion current
with and without the magnetic-field strength were studiedchanged to 20% of BGland the maximum of Cl radical
Figures 2a) and 2b) show the results of the species detectedchanged to 10% of BGl Also, CI" showed a maximum at
using quadrupole mass spectromd@MS) as a function of 20% BCL. The position of the peak of the abundant species
BCI,/Cl, for the same conditions shown in Fig. 1 and for theas well as the peak intensities was changed by the applica-
ICP and MICP, respectively. The quadrupole mass spectrontion of the magnetic field. As shown in Fig. 2, the application
eter was located at the sidewall of the chamber. The total ionf the magnetic field especially increased the intensities of
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Fic. 2. Total positive ion saturation current measured by a Langmuir probe 100 i
and QMS output intensities of Cl, €J ClJ , and BC} as a function of - with the magnets (permanent+electromagnets)
Cl,/BClz at 10 mTorr and 600 W inductive power. Without the magnetic - 600 watt, 10 mTorr
field (a) and with the magnetic fiel¢permanentelectromagnejs(b). 1 \ 1 RO S ) . ] . I
0 20 40 60 80 100
(b) BCI,/Cl,+BCl, (%)

BCIl; and the total ion saturation current. A small increase of

: " . Fic. 3. QMS output intensities of neutral species such as 8LCI, BCl,,
Intensities was obse.rve'd. for the Cl radlcfal and. @n. In and BC}, as a function of gas combination of ZBCl; plasmas at 10 mTorr
the case of q], no significant change of intensity was 0b- and 600 W inductive power. Without the magnetic fiél and with the

served. magnetic field(permanent electromagnejs(b).

The total ion saturation current measured using the Lang-
muir probe is related to the increase of reactive major ions
such as CJ and BCl measured by the quadrupole massthe magnetic field appears to be responsible for the increase
spectrometer. When the major ions were added together aruf the GaN etch rate.
plotted as a function of gas combination of BI,, similar Other neutral species such as BCIl, BCBCl;, and C}
trends as the total ion saturation current were obtained. Alsayere also measured using the quadrupole mass spectrometer,
as was discussed in a previous article by our groipthe  and the results are shown in FiggaBand 3b) for the same
etching of GaN, radicals such as Cl and reactive ions such aonditions shown in Fig. 2. As shown in Fig. 3, by applica-
Cl; and BC} appeared to play important roles by chemicaltion of the magnetic field, there is an increase of BCI with
reaction and physical/chemical reactions with Ga in GaN bethe decrease of Bghnd BC}; therefore, increased dissocia-
cause the peak intensities of CIGIBCl; , and CI" appear tion was observed. The increase of dissociation may have to
to be close to the peak GaN etch rates. There was a signifincrease Cl radicals significantly; however, as shown in Fig.
cant increase of BCZ“I and the total ion saturation current 2(b), only a small increase of Cl radicals was observed. As
with application of the magnetic field; therefore, the in- shown in Fig. 8b), somewhat higher Glpeak intensities
creased dissociative ionization of BQlith application of were observed by application of the magnetic field, and it
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Fic. 4. GaN etch rate and selectivities as a function of Kr addition in the

optimized C} /BCl; composition of 80% GI20% BCk with the magnets.  Fic. 5. SEM micrographs of GaN etch profiles; a conventional ICP configu-
ration without the magnetic fielgh) and no Kr(b), 10% Kr(c), and pure Kr
(d) for a MICP configuration with the magnetic field; 10 mTorr, 80%

. . . . . . 0, i i i i i -

might be from the recombination of dissociated Cl radicals £'2/20% BCh gas combination, 600 W inductive power200 V bias volt
. . . age, and 70 °C substrate temperature.

Therefore, some of the dissociated CI radicals appeared to

recombine into GJ; only a small increase of Cl radicals re-

sulted. _ of the GaN etch rate with the addition of 10% Kr is under
The increase of BGI can increase the GaN etch rate by sydy: however, the decrease of the GaN etch rate and the
the increased momentum transfer with the large mass to thgecrease in the etch selectivities of both the photoresist and
substrate at a given dc self-bias condition used in this experisio, with the further increase of Kr to the 80% £20% B
ment. The increase of borochloride species in the _plasm@|3 plasma appear to suggest the importance of chemical
such as BGJ and BCI can also decrease the photoresist etchgactants in addition to the pure physical ion bombardment in
rate by the formation of BGD, in the plasma by removing  tne etching of GaN.
oxygen in the plasma(ln our experimental configuration, The GaN samples masked with patterned .Si@ere
oxygen originating from the quartz ICP window €rosion iSetched using the magnetized inductively coupled plasma
present during the operatiqn of_inductively coupled plasmas.equipment with and without the magnets at 80%/20%
The increase of borochloride in the plasma also appears 18|, of the gas composition, the other etch parameters were
help in removing oxygen on SiQunder sufficient ion bom- kept the same as before. The results are shown in Fay. 5
bardment. Therefore, the increase of GaN etch selectivityyr the conventional ICP configuratigwithout the magnejs
over the photoresist both with the increase of B@d with  anq in Fig. 5b) for the MICP configuratior(with the mag-
the application of the magnetic field appears to be related tqetg. As shown in Fig. 5, a slightly more anisotropic GaN
the relative increase of borochloride such as B@hd/or  etch profile was obtained by applying the magnets. Also, the
BCI. The decrease of the selectivity over $ibth with the  effect of Kr addition to the GI/BCl; plasma on the GaN
increase of BGJ (in general, except for the initial high £1  etch profile was investigated, and the results are shown in
and CI' regions compared to BE) and with the application Fig. 5(c) for 10% Kr in 80% C}/20% BCk and in Fig. 5%d)
of magnetic field also might be partially related to the rela-fo, pure Kr with the magnets, while the other etch param-
tive abundance of borochloride in that region. eters were kept the same. If Figib (no Kr addition and
To investigate the effect of pure ion bombardment on therig. 5(c) (10% Kr addition are compared to each other, the
GaN etch rate, Kr, which has a similar molecular mass toyqdition of 10% Kr appears to produce a more anisotropic
BCl,, was added to the gas compositié80% CL/20%  etch profile: however, in the case of etching with pure Kr

BCly), which has the highest GaN etch rate with the mag{Fig. 5(d)], a sloped GaN etch profile was obtained with the
nets. The GaN etch rates and etch selectivities ovey 8@  decreased etch selectivity over $iO

the photoresist were then measured, and the results are

shown in Fig. 4. The addition of 10% Kr increased the GaN

etch rate from 5300 to 8200 A/mifabout a 60% increage IV. CONCLUSIONS

and the selectivities over the photoresist and,Si@re also In this study, the effects of magnetized inductively
increased. However, the further increase of Kr in 80%coupled plasmas on the etch properties of GaN and the char-
Cl,/20% BCL generally decreased both the GaN etch ratescteristics of their plasmas were investigated as a function of
and etch selectivities. Currently, the reason for the increas€l,/BCl; and with/without magnetic field. The magnetic-
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field configuration was composed of both magnetic cuspingvith/without the magnets and with/without Kr addition,

using permanent magnets and an axial magnetic field usingrore anisotropic etch profiles could be obtained by applica-

Helmholtz-type axial electromagnets. The characteristics ofion of the magnetic field and also by addition of 10% Kr.

the plasmas were studied using a quadrupole mass spectrom-

eter and a Langmuir probe. Also, the effects of Kr addition to

a magnetized ICP on the GaN etch properties were investi-iR- A. Metzger, Compd. Semicond. 26995.

gated. The GaN ech prfies were observed using SEM. 3 G Zober 0.3 St s otz soeon
The application of the magnetic field generally increased g'3; 1 (1905 T e copen e =g

the GaN etch rate and increased the etch selectivity over the's. J. Pearton, J. C. Zolper, R. J. Shul, and F. Ren, J. Appl. Boyd

photoresist, while decreasing the selectivity over Si®he 55?19399%”' L H. Achby. D 1. Rieger. A 3. Howard. . 3. Pearton. €. R

igﬂ::g;ggnogf tl‘r:a a?nn;):;fngrenld(;iilo eizﬁngig ]:[ITIOQHQB].COI‘:;‘/O to gbernatph);, g9587\5/ir(tfslj;g A. Bargne’s, and P. Davi’s, Mater. Res,. Soc.

mp. Proc .

20% BCL. When the species in the plasma were measuredGR)./J.pShul, G. B. McClellan, S. J. Pearton, C. R. Abernathy, C. Constan-

using the QMS, the significant increase of BAbns was tine, and C. Barratt, Electron. Le82, 1408(1996. _

observed with the application of the magnetic field. Using a j cécL.egci.HTgcr}fr:?ﬂ (/331'6\('1176;2*9;5\’\" Lee, M. C. You, and T. 1. Kim,

Langmuir probe, a significant increase of total positive ion &y s kim, v. H. Lee, G. Y. Yeom, J. W. Lee, and T. I. Kim, Mater. Sci.

current was also measured with the magnets. In addition, the Eng., B50, 82 (1997.

increase of Cl, BCI, and Clwith the decrease of Bgland °H. S. Kim, G. Y. Yeom, J. W. Lee, and T. I. Kim, J. Vac. Sci. Technol.

BCl; was observed with QMS by application of the magnetic 10/,: 157 éiznf“élg\?%eom J.W. Lee, and T. 1. Kim, Thin Solid Filrgg1,

field. The GaN etch rates appear to be controlled by major 1g1(1999. B o

species such as g’:,l BCI;, and CI radicals observed using W, J. Lee, H. S. Kim, G. Y. Yeom, J. W. Lee, and T. I. Kim, Jpn. J. Appl.

QMS. The increase of the GaN etch rate by application of thelthﬁ-'nparg 1;7' ;00651293- K 7hena. L F. Lester. and S. b H

magnetic field appears to be related to the increase of BCI I\/iatef I%es.. s:c. g’,m'p. ?&5 '763?2856: - wester, and s. b, Hersee,

which is possibly formed by the increased dissociative ion-3s. j. pPearton, J. W. Lee, J. D. MacKenzie, C. R. Abernathy, and R. J.

ization of BCk. The addition of 10% Kr in the optimized  Shul, Appl. Phys. Lett67, 2329(1995. _

Cl, /BCl; composition of 80% GI20% BCk with the mag- §5T82F;??99A®C Schmitz, M. A. Khan, and |. Adesia, J. Electron. Mater.

nets showed the maximum GaN etch rate of 8200 A/min andlsH.’P. Gillis, D A. Choutov, K. P. Martin, M. D. Bremser, and R. F.

also increased the etch selectivities over the photoresist andbavis, J. Electron. Mate26, 301 (1997.

S|()2 However, the further increase of Kr addition de- R, J. Shul, R. D. Briggs, S. J. Pearton, C. B. Vartuli, C. R. Abernathy, J.

creased the GaN etch rates and the etch selectivities. Whenmg"ggé (Clégno”s‘a”“”e' and C. Barratt, Mater. Res. Soc. Symp. Proc.

GaN etch profiles masked with patterned $i®@ere ob- 1 w. Hwang, Y. J. Lee, H. R. Han, J. B. Yoo, and G. Y. Yeom, J. Vac.

served for the optimized 80% £20% BCk gas composition Sci. Technol. A17, 1211(1999.
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