Etch characteristics of GaN using inductively coupled CI ol Ar
and CI,/BCl; plasmas
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In this study, C}/Ar and CL/BCl; 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 spectro$¥61%. The increase of Ar

and BC} in Cl, generally reduced GaN etch rates except for the small addition of Ar of.B&Zith

the addition of 10% Ar or 10% BGlto Cl,, 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, $i@her than 3.5 could be
obtained with Cj-rich Cl,/BCl; 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 fyappelar 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 tg,Gba/N ratio increased and, when B@las added,

the Ga/N ratio decreased from that of the GaN surface etched using puré©Cl1998 American
Vacuum Society.S0734-210098)60703-X]

[. INTRODUCTION IIl. EXPERIMENT

To fabricate GaN-based light emitting diodes and laser Si-dopedn-GaN epitaxial layers were grown oi®001)
diodes, the development of GaN dry etching techniques witisapphire substrates using metalorganic chemical vapor depo-
high etch rates, high selectively over mask materials, highlition (MOCVD). The GaN was patterned using a plasma
anisotropic etch profiles, and smooth sidewalls areenhanced chemical vapor deposit®ECVD) SiO, mask.
required'—3 To meet these requirements, dry etching tech- 1 he inductively coupled plasma$CP) were generated

nigues using electron cyclotron resonan&CR) plasmas, with a 13.56 MHz rf power which was applied to a planar

. . . . ._spiral Cu coil separated by a 1-cm-thick quartz window lo-
inductively coupled plasmas, and chemically assisted IOIiated on the top of the process chamber. A separate 13.56

beam plasmas have been used with various 988 1 (i ;
a1 ; power was also applied to the bottom electrode to

comblnatlo_né‘: In general, C}based gages were the. main generate dc self-bias voltages measured using a high voltage
gtch chemistries for III—_V compou_ljd semmonduc_tors 'nCIUd'probe(Tektronix P6015A. The GaN was etched using vari-
ing GaN due to the higher volatility of Ill chlorides com- 4,5 combinations of GIBCl; and CL/Ar at operational
pared to other halogen-based or hydrocarbon-basegressures from 10 to 30 mTorr while inductive power, bias
gases:>*? voltage, and substrate temperature were fixed at 600 W,

In this study, planar inductively coupled ZZAr and  —120 V, and 70 °C, respectively. The etch rates were mea-
Cl,/BCl; plasmas were used to etohGaN, and the effects sured from the depth of the etched features with a stylus
of process parameters such as gas combination and gas presefilometer after removing the SjOnask layer in a buff-
sure on the characteristics of the plasmas and the etch chagred oxide etchant.
acteristics of GaN were studied. The change of gas chemistry A single Langmuir probe inserted in the center of the
can also induce surface change of the chemistry of the etch&di@mber and biased at40 V to collect ion currents was
GaN. Therefore, the variation in the surface composition Opsed to measure ion current densities of the chlorine-based

GaN depending on the process parameters were also invég-dUCtively coupled plasmas as a measure of total positive
ion densities. Optical emission spectroscodPES SC

tigated. . .

'gate Tech. PCM402was used to monitor plasma species such as
Cl, CI*, and BCI and etch byproducts such as Ga, Bnd

dElectronic mail:gyyeom@yurim.skku.ac.kr GaCl, in the plasmas during the GaN etching. 2-in. diameter
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0000 L T ' T T T ] GaN etch rates at 10 mTorr were higher thap_those at 30
AICl,  —m— 10mTorr mTorr at the high BGlpercentages. At the condition of 10%
8000 L b —@— 30mTorr | BCl; and 30 mTorr, a GaN etch rate close to 8500 A/min
BCI /Cl —A— 10mTorr was obtained. The etch selectivities over Siere also
3 2 .-
7000 L —y— 30mTor - megs_ured for some of the _e_tch conditions, and the etch se-
® v, lectivity was 3.7 at the condition of 10% B{And 30 mTorr.
= 6000 | \ \600watt/-120 volt 4 The highest etch selectivities were observed at 30 mTorr and
= A were 5.2 for 25% BGland 4.8 for 25% Ar. In general, the
< 5000 | \ v . change of additive gas from Ar to BLincreased the etch
g Z \ selectivity.
@ 4000 - = s To understand the effects of the gas combination and the
5 i / \ \ pressure on the GaN etch rates, plasma characterization tools
i 3000 & 4 ® A . such as a Langmiur probe and optical emission spectroscopy
\A were used and the results are shown in Fig) 2or Cl,/Ar
2000 - 7 and Fig. Zb) for Cl,/BCl; at 30 mTorr. Using the Langmuir
1000 L \ \. | probe, ion current densit_igs were measured as an e_stimati_on
'& of total positive ion densities in the plasmas and, using opti-
ol " cal emission spectroscopy, estimates of Cl radical peak in-
T S tensity and CI ion peak intensity were obtained. As shown
100 90 75 50 25 0 in Fig. 2(a), the addition of Ar to chlorine increased ion
% Cl , current density, that is, total positive ion density. The in-

crease of Ar also increased Tion peak intensity measured
Fic. 1. GaN etch rates as a function of gas combination ofi@land DY optical emission spectroscopyihe increase of Clion
Cl,/BCl; plasmas for the operational pressure of 10 and 30 mTorr at 600 Wpeak intensity with the increase of Ar is not clear, however,
of inductive power,—120 V of bias voltage, and 70 °C of the substrate the variation of ion densities with gas combinations are cur-
temperature. . . . . .

rently under investigation with an ion mass spectrometer,

and will be published in the near futurddowever, the ad-
blank GaN/sapphire wafers were used to enhance the signaiéiion of Ar generally decreased chlorine radical density ex-
of the byproducts. Surface morphology, etch anisotropy, angept for the small addition of chlorine near 10% Ar. The
sidewall undercutting of the etched GaN were evaluated witiddition of 10% Ar to chlorine increased the chlorine radical
a scanning electron microscof®@EM). Surface composition density. The addition of BGlin Fig. 2(b) also decreased Cl
of the variously etched GaN was investigated using angleadical density except for the addition of 10% B&imilar to
resolved XPS (Fisons Instruments Surface Systems;Ar addition. However, the increase of BQlecreased the ion

ESCALAB 220j after the etching. current density and Clion density even though Clion
density measured by the optical emission spectroscope ap-
[ll. RESULTS AND DISCUSSION peared to show a slight increase near 10% B@\ peak

Figure 1 shows the effects of gas composition of/G corresponqling to_ BCI radical was als_o observed and in-
and CL/BCl; on the GaN etch rates at 600 W of inductive creased with the increase of BCIReducing pressure to 10
power, —120 V of dc-self bias voltage, 70 °C of substrate MTOI also .showgq the same trend as that at 30 mTorr, how-
temperature, and operational pressure of 10 and 30 mTorgver, the intensities of each species were smafrest
The inductive power, bias voltage, and the substrate temShown.
perature used in this experiment was chosen from the previ- When the etch results shown in Fig. 1 are compared with
ous experiment to give optimal process conditidihe in-  the characteristics of the plasmas shown in Fig) znd
crease of inductive power, bias voltage, and substraté(b), the increase of GaN etch rates near the 10% Ar and
temperature generally increased the GaN etch rates whilk0% BCk appears to be mostly related to the increase of Cl
reducing the etch selectivity. As shown in the figure, theradical density near 10% of the additives. The increase of
increase of Ar percent to 10% increased GaN etch rates t®tal positive ion densities with the increase of the additive
4000 A/min at 10 mTorr, however, the further increase of Argases shown in Fig.(d) did not increase the GaN etch rates.
percent in chlorine plasmas reduced the GaN etch ratekherefore, in our GaN etching, chemical reactions between
monotonically. The same trend was observed when the og=! radical and GaN appears to be one of the most important
erational pressure was increased to 30 mTorr and the Gafctors governing GaN etch rates.
etch rate increased to 6500 A/min at 10% Ar. The addition of Using optical emission spectroscopy, the peaks emitted
BCl; instead of Ar enhanced the GaN etch rates as shown ifrom etch byproducts were measured and are shown in Fig. 3
the figure. Also, the same trend as the Ar addition was obfor the C,L/BCl; gas combination. 2-in. diameter blank and
tained, therefore, the highest GaN etch rates were obtained 3tum-thick GaN deposited sapphire wafers were used to en-
10% BCL and the increase of operational pressure to 3thance the signal intensities during the etching and the etch
mTorr generally improved the GaN etch rates even thouglime used to monitor the optical emission signals was less
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3000 — . — . — 14 which is consistent with the increase of ClI radical density
\ —@~ion current density and ion density with gas pressure as also shown in Flp, 3

—m—Cl +ion . . . . .
2500 " —a_Cl radical ° and which may imply the increase of both chemical etching

\ 112
{10

effect and physical sputtering effect with the increase of op-
erational pressure. Figuréc3 shows the effects of gas com-
position, and also the signal intensities from each species
were normalized to those from pure,Clrespectively. The
intensities showed the maximum values at 10% Bthilar

to the trends of GaN etch rates. The maximum emission
intensity from GacCl intensity and possibly that from, N
could also be also understood from the enhanced chemical
etching effect between Ga in GaN and CI from Gas due to

the maximum ClI radical intensity at 10% BCIThe maxi-
mum intensity of Ga at 10% Bglwas possibly originated
not only from the physical sputtering effect, but also from
o 2 % 75 100 the dissociation of Ga¢l(x=1,2,3) emitted from the GaN
surface especially for high density plasma conditions, be-
cause the ion density measured using a Langmuir probe
700 . , , . R which is responsible for the physical sputtering effects
—©— lon Current density monotonically with the increase of BChs shown in Fig.

o0 | Zﬁ\ N ::: ;:'c: ir:';i:”s"y 2(b). Therefore, the increase of the Ga intensity near the 10%
n o~ BCl; may also be related to the increased chemical etching at
oo | W™ Clradical E the etching condition.

-\- Figure 4 shows the effects of gas composition on the etch
a0 | profiles for 10% Ar and 10% Bglat 30 mTorr. 1um-thick
SiO, mask was used to investigate GaN etch profiles. Figures
4(a) and 4b) show the etch anisotropy and sidewall etch
profile for 10% Ar, and Figs. @) and 4d) for 10% BCk,
respectively. Anisotropic etch profiles and smooth sidewall
profiles could be obtained for both conditions. In fact, more

/ A anisotropic etch profiles close to 90° and smoother sidewall
100 1 e could be obtained with pure €I The addition of Ar and
o BCl; to 100% generally decreased the etch anisotropy, in-
0= ‘ ' : —" creased the trenching near the bottom edge possibly due to
0 25 50 75 100 . . . .
the ion reflection from the sidewall and enhanced sputtering
at the bottom edge by those ions, and rougher sidewall sur-
Fic. 2. lon current density and relative OES signal intensities as a functionfacef f”Ot Showr.)' Rougher sidewall was obtained with the
of gas composition ofa) Cl,/Ar and (b) Cl,/BCl, at 600 W of inductive ~ addition of Ar instead of BGl at the same percent of the
power,—120 V of bias voltage, 30 mTorr of operational pressure, and 70 °Cadditive gas. The loss of the anisotropy with the increase of
of substrate temperature. BCl, appears to be related to the deposition of sidewall resi-
dues possibly consisting of a mixture of low vapor pressure
. . . .. GaCl and SiQ, however, the rougher sidewall surface with
than 4 min. Figure @) shows the measured optical EMISSION vy e addition of Ar compared to that with the addition of BCI
specira. of the plas_mas_ from 250 to 450 nm _for O.“fferemappears to be more related to the enhanced mask erosion.
Cl,/BCl; gas combinations at 30 mTorr. To identify the
peaks from the byproducts, an optical emission spectrum Angle res_olved X ray photoelc-ac'Fron spectroscop-y was car-
from the plasma for 50%GI50%BCk without loading the ried out to investigate the v_arlatlon of Ga/N rz_atlo_of the
GaN wafer was measured and included in the figure, and th‘étCheoI GaN surface for different gas combinations of
identified peaks with GaN wafers were @&3 nm), Cl,/BCl; an_d C.b/Ar at 30 mTorr, and some of the results
GaCI337 nm), and N(358 nn). Figure 3b) shows the ef- &ré shown in Fig. 5. The lower takeoff angle represents the
fects of the gas pressure on the emission intensities from G&etection of XPS signals from the shallower position of the
GaCl, and N at the condition of 90% GI10% BCk, 600 W  etched GaN surface. As a reference, x-ray photoelectron
of inductive power, and-120 V of dc bias voltage. The spectroscopic data for the nonetch@dntro) GaN surface
emission peaks were normalized to the relative peak intenswas included. As shown in the figure, all of the GaN surfaces
ties from pure Gl. As shown in the figure, the peak inten- etched in our experimental conditions showed nitrogen-rich
sities increased with the increase of operational pressursurfaces. The addition and increase of Ar tg iBtreased the
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Fic. 3. OES results on GaN etching using,BCl;; (a) OES spectra showing etch byproducts as a function gas compoghiothe relative emission
intensities of byproducts, Cl radical emission intensity, and ion current density as a function of operational presgoyeekative emission intensities as

a function of gas composition.

Ga/N ratio of the etched surface toward the stoichiometridV. CONCLUSIONS

Ga/N ratio of 1.0, however, the addition and increase of;BCI

reduced the Ga/N ratio lower than that etched in pure chlo-

etched GaN surface after the etching.

JVST A - Vacuum, Surfaces, and Films

In this study, the effects of gas addition such as Ar and
rine. This altered GaN surface could give an impact on thé8Cl; to Cl, and operational pressure on the GaN etch char-
resistance of ohmic contact which will be formed on theacteristics were investigated using inductively coupled
plasma equipment.
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Fic. 5. Ga/N ratios of the etched GaN surfaces for different gas combina-
tions of CL/BCl; and Ch/Ar measured using angle resolved XPS.

(c) (d)

Fic. 4. SEM micrographs of PECVD-SiOnasked GaN etch profiles; the Ga/N ratio of the GaN surface etched using pure, Ghe
etch anisotropy(@ and sidewall roughnes®) for 10% Ar, and the etch  gqddition of Ar to C} increased the Ga/N ratio and the addi-
anisotropy(c) and sidewall roughnegsl) for 10 BCl;. tion of BC|3 reduced the Ga/N ratio.
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