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Characteristics of inductively coupled CI  ,/BCl; plasmas
during GaN etching
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J. W. Lee and T. I. Kim
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In this study, the characteristics of inductively coupled/BCl; plasmas during GaN etching were
estimated using plasma mass spectrometry by measuring the relative amounts of positive ions,
neutrals, and etch products. The results showed that the enhancement of GaN etch rajéR3@by Cl
plasmas could be related to the formation of Cl radicals and reactive ions such ascCBC)
measured by the mass spectrometry during GaN etching. These Cl radicals are responsible for
chemisorption and BGl and Cl for chemical and/or physical sputtering. lon assisted chemical
desorption seems to be generally enhanced by the addition gft8Cl, and also with the increase

of pressure. Also, the abundance of B@h the CL/10%BC} plasmas appears to be important in

GaN etching compared to pure,Qlasma. Ga, GaCl;, and N, were observed during GaN etching

as the etch products and the intensities of these ion etch products were correlated with the trend of
the GaN etch rate. €999 American Vacuum Sociefs0734-210(199)07904-X]

I. INTRODUCTION pressure on the GaN etch rate were also investigated by a

mass spectrometer during GaN etching.
Many studies on the plasma characteristics during the dry

etching of silicon and related materials have been reported.

However, although the dry etching of 1lI-V compounds has

received increasing attention recently, their chemical reac-

tions and plasma characteristics have not yet been fully inH. EXPERIMENT

vestigated. Among the various IlI-V compound semiconduc-

tors, only some studies of their respective dry etch The GaN was etched by homemade inductively coupled

mechanisms are reported such as for InP etching bplasma (ICP) equipment using various combinations of

CH,/H,,* for GaAs chemical etching by ¢and HCI? and  Cl./BCl; at operational pressures of 5—40 mTorr while the

for the surface reaction of GaAs with dlasma or chlorine inductive power, bias voltage, and substrate temperature

ion beams* were fixed at 600 W;-120 V, and 70 °C, respectivelyThe
These days, the dry etching of GaN is obtaining particulaGaN sample was loaded manually after exposure to air. De-

attention for the fabrication of the laser facet of GaN lasertails of the ICP equipment and the GaN samples used in the

diodes® To etch GaN with etch rates approaching 1000 nm/experiments are described elsewheféTo understand the

min and and obtain smooth and highly anisotropic etch progffects of plasma conditions on the GaN etch properties, a

files, high density plasma sources are generally used witguarupole mass spectromet@MS) (Hiden Analytical Inc.

chlorine-containing gases (£37° BCl,,° and IC).2° In our  PSM 500, optical emission spectrosco€C Technology

previous work! a GaN etch rate close to 850 nm/min was PCM402, and a Langmuir probéHiden Analytical Inc.,

also obtained using a gtich gas combination of GIBCl;.  ESP located on the sidewall chamber were used.

Optical emission spectroscofES was used to monitor The QMS used in the analysis of the plasmas was config-

some of the plasma species such as Cf,,@Gnd BC| and  ured with ion optics, an energy filter, and an integral electron

etch products such as GaQ,Na_nd Gaq in the p|asma§v_7 impact ion source. To minimize the residual gas effect and

However, the effects of various species in the plasmas on théontamination in the QMS, the pumping port was heated by

GaN etch properties and details of the etch products coul@ heating band and the filament of the ionizer was cleaned by
not be observed. O, plasma and degassed after every 20 min of glow dis-

In this study, to investigate the characteristics of thecharge. Neutral species such as radicals from the plasmas are

Cl,/BCl; plasmas for GaN etching more closely, the relativeionized by an integrated electron impact ion source and are
amounts of positive ion Species and neutral Species were eglen detected. For mass SpeCtI’OSCODIC detection of rad|CaIS, it
timated by p|asma mass Spectrometric measurements. Th%d|ff|cu|t to dIS'[IﬂgUISh the direct ionization of free radicals

effects of the addition of BGlto Cl, and the increase of from the dissociative ionization of the parent molecule.
Therefore, the appearance mass spectrometAdlS)

aElectronic mail- khs@nature.skku.ac.kr method* was used_ to separate them becaus_e many of these
YElectronic mail: gyyeom@yurim.skku.kr processes have differences of several eV in the threshold
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energies of their electron impact ionizations. These threshold 1200 — T T
energy data can be obtained by the scanning electron energy —QO—pure Cl,

in the electron impact ion source with and without plasma. —A—Cl,/10% BCI,

The signal difference between the threshold enekgy) (for —y—Cl, /50% BCI,

direct ionization of radicals and the threshold energy for dis- A BCI
D pure 3 /A/A\
A

sociative ionization of the parent molecules is a measure of
/ )
V.
A ¥ \V\
-

N \A

o v

o

the radical density in the plasmas. Threshold ionization en-
B<g ©
T~
fﬁig/\n N\
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ate (nm/min)

: _ 600
QMS measurements and the values obtained are similar to;

reference data previously reportéd*°For example, to mea- G

sure BC) radical species, an electron energy of 12 eV was @

used to measure BZlionized directly from BC) (Eg (ZU

=10.5eV) without dissociative ionization of BCI(E, o

=12.5eV). Other species such as ®E,{=13.0eV), C}

(Ex,=12.0eV), B E=10.5eV), BCl E;,=13.5€eV), and O—

BCl; (Ey,=12.5eV) were measured using an electron en- 0 L l L 1 2 1 T

ergy of 14 eV. 10 20 30 40
It is impossible to measure significant negative ion densi-

ties by mass spectrometry in a continuously driven

discharge’’!8 Because negative ions are caught by the plasFic. 1. GaN etch rates as a function of pressure for gas combination of

mas potential, extraction of them is not very efficient. Ex-Cl./BCl; plasmas at 600 W inductive power;120 V bias voltage, and

traction would only be efficient in the afterglow of the dis- /0 C Substrate temperature.

charge after the electrons have vanished. In the actual GaN

etching process, due to the negative bias voltage formed oflasma without GaN. These results were compared with etch

the substrate, chemical etching by radicals and physical etclyroducts such as GaGlGa, and N measured by OES. De-

ing by positive ions incident to GaN by the potential devel-tails of the OES measurement method and the measured re-

oped in the sheath may affect GaN etching more signifisults are described elsewhére.

cantly. Negative ions that remain within the bulk plasma

during the most of the rf cycle are believed to have little|]]. RESULTS AND DISCUSSION

effect on GaN etching especially because of the chemical GaN samples were etched with various /8Cl; combi-

inertness of GaN. Therefore, we measured only POSitive 10 yions ot pressures from 5 to 40 mTorr while keeping the
densities in the plasmas using the QMS by turning off thg,y, tive power at 600 W, bias voltage at.20 V, and the
filament and by integrating collected ions having d'ﬁerentsubstrate temperature at 70°C, and some of the results are
ion energies. At first, the ion mass was measured from 1 tQnqun in Fig. 1. The GaN etch rate increased with an in-
300 amu at 8 eV of the ion energy. And th_en the intensity of.raased percent of BEin the CL/BCl; gas mixture and the
each ion, detected by the previous basic mass scan, Wasaximum etch rate was obtained with the/C0%BCk mix-
scanned as a function of ion energy-6200—200 eV and  re. Also, until 50% of BGJ was mixed into GJ, the GaN
finally relative densities of ion species were estimated fronkch rates were higher than that etched with purg The
the direct integration of the ion energy distribution. The mea-gaN etch rate also increased with pressure and showed a
sured positive ion species generally showed energy distribunaximum at 30 mTorr for the @M0%BCE mixture. In the
tions of 2—14 eV, and most ions had peak ion energies ofase of pure G| the degree of GaN etch rate increase with
4-11.5 eV. The peak energy decreased with an increase ﬁf'essure was smaller Compared to the case gﬂ.OH/oBCla,
pressure, and was in a good agreement with the decrease {dwever, the GaN etch rate showed a maximum near 25
plasma potential energy measured by the Langmuir ptdbe. mTorr which is similar to that etched with Z10%BCL.
Also, by inserting the Langmuir probe into the center of the  To study the GaN etching trends shown above, relative
chamber, total positive ion current densities were estimatedmounts of neutrals and ions in the,(8Cl; plasmas were
by biasing the probe at60 V and electron densities were investigated as a function of pressure ang/BCl; gas mix-
measured from thé-V characteristics of the probe. ture using the QMS described in Sec. II. Figure 2 shows the
The etch products during GaN etching by, ®ECl; plas-  relative amounts of neutrals such as Cl and &lid positive
mas were also measured using positive ion measuremenisns such as Cland Cj measured by the QMS for the pure
Among these, Ga-containing etch products such as, Ga Cl, as a function of pressure while the other process param-
GacCl", and GaCJ were also verified by additionally etching eters were kept the same as the conditions in Fig. 1. The
GaAs with the same etching conditions used for the GaNamounts of Cl and Glgenerally increased with the pressure
etch. To separate the residual etch products on the chamband the measured QMS intensity of Cl was higher than the
wall or QMS ports and intrinsic Nfrom the actual etch Cl, signal. Even though the electron ionization cross section
products, the QMS intensities measured during GaN etchingf Cl, is several times higher than that of Cl at the 14 eV of
were subtracted from the QMS intensities measured with thelectron energy used to detect neutral signals, the detected ClI

ergies of the various species could be obtained from these +2
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Fic. 2. QMS output intensities of neutral species and positive ion species as L L L LR
a function of pressure for the pure,Gilasma at 600 W inductive power. b
» -o-cr %
S A A—CL"
signal is higher than G| therefore, Cl is expected to be the ~ A/A/ i -
main radical of the pure Gl plasmas used in the & .\ —m—BCI" ]
experiment*~'®%%In the case of positive ions, the amount of =& / o TNy _e—BCl’
individual ions was calculated by integration of the respec- @ F A ./ __—® ’+-§'
tive ion energy distribution described in Sec. Il, ang @ c C A —4—BCl," 3
expected to be the main positive ion as shown in Fig. 2. The & i H —_X—B"* ]
Cl; showed an initial increase and a slight decrease with o
pressure until 20 mTorr and decreased rapidly after 30 mTorr 3 E ® -5'
while CI* generally decreased more rapidly with the increase °© 3 X\x\ 3
n [ X X ]
of pressure. When the GaN etch rates for pure W@ére s [ T—x ]
compared with the QMS results, the combination of @in e

bombardment and chemical etching by CI radical appears to E | | I?\I}I . 3

be responsible for the GaN etching. At L L L
Figures 3a) and 3b) show neutrals and positive ions as a

function of pressure measured for,0%BCL, where the (b) Pressure (mTorr)

GaN etch rate was the highest. The other process parameters

were also the same as those shown in Fig. 1. As shown iRc: 3 QMS output intensities ofa) neutral species antb) positive ion

Fig. 3@), the intensities of various BC(x=0, 1,2, 3) were isnpdeuc;(tei\sleaps)o\e;v;mct|on of pressure for the/T%BCL plasma at 600 W

lower than those from CI and £IThe electron ionization '

cross sections of BCIspecies are similar to each other and

are higher than those of Cand CI**?° therefore, we can

confirm that Cl is the main neutral similar to the case of pureetch result shown in Fig. 1 for @L0%BCk. The Ch was

Cl,. Among B, BCI, BC}, and BC}, BCl, and BCkincrease the main ion species and BCWas the secondmost prevalent

rapidly with pressure while B decreases and BCI increasespecies. These species were about 10 times higher than other

only with pressure. The decrease of B and the only slighton species.

increase of BCI with pressure appear to be from the in- To study the effect of BG| neutrals and positive ions

creased probability of recombination of the radicals and alsevere measured as a function of the/C0%BCk gas mixture

from the decrease of electron energy which results in th@t 30 mTorr of operational pressure and the results are shown

decrease of gas dissociation. This tendency was more evideint Figs. 4a) and 4b) for neutrals and for ions, respectively.

when BCk-rich gas combinations were usédot shown. As shown in Fig. 4a), the intensity of Cl increased with the

Figure 3b) shows the positive ion species measured directlyaddition of 10% BCJ and a further increase of BCHe-

for Cl,/10%BCk as a function of pressure using the QMS. creased the intensity of Cl slightly. The intensity of, G-

Most of the positive ions, except for'Band CI', increased creased monotonically with the increase of the percent of

with pressure until 30 mTorr, which is consistent with the BCl; while the intensities of BCI, BG] and BC} increased

0 10 20 30 40 50 60
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Fic. 4. QMS output intensities ofa) neutral species antb) positive ion
species as a function of gas combination of/BCI; plasmas at 30 mTorr
pressure and 600 W inductive power.

with the increase of the percent of BCICI was the main
neutral even with 100% BGI In the case of ions, ¢lde-
creased with the increase of the percent of B@ile BCI,
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Fic. 5. Total positive ion current density and electron density measured by
a Langmuir probe and a QMS of output intensities of CIf,CCl;, and
BCl; as a function of gas combination of ZBCl; plasmas during GaN
etching at 30 mTorr pressure, 600 W inductive powet20 V bias voltage,

and 70 °C substrate temperature.

(12.19 eV of BCl; into BCIg. Therefore, most of the added
BCl; appears to be dissociated into B@r BCly. The in-
crease of Cl and Clwith the addition of nearly 10%—20%
BCl; is not clear, however, it appears to be related to both
the additional source of Cl radicals from dissociation of BCl
and the decrease of recombination of Cl into, Gh the
chamber wall by the adsorbed BGin the chamber as de-
scribed by other researchéfsThe increase of Cl and Cl
with the addition of nearly 10%—-20% Bglvas also ob-
served from the OES measurement as described in the pre-
vious study’

It is reported that the addition of BLInto Cl, generally
reduces the positive ion density and electron density because
of the higher dissociation threshold energy of B@esulting
in absorbing more energy for dissociation of the molecules
and a higher electron affinity of Bgktompared to those of
Cl,. 151620 Therefore, even though we did not measure the
amount of negative ions in our study described in Sec. Il,
more negative ions will be formed with the increase of BCl
which results in the decrease of the electron density and posi-
tive ion density. When all of the positive ions measured in
Fig. 4(b) were added, the decrease of total positive ion den-
sity could be observed. Using the Langmuir probe described
in Sec. Il, positive ion current density as a measure of total

BCl;, and BC{ increased with the increase of the percent ofpositive ion density and electron density were estimated. The
BCls. Until 30% BCL, Cl; was the main positive ion and results showed the decrease of ion current density and elec-
then BCL, became the main positive ion with the further tron density with the increase of BGis shown in the bottom

increase of the percent of BClIn the case of Cl, the in-
crease of BGJup to 20% increased the intensity of ‘Cand

a further increase of the percent of B@ecreased the inten-

sity of CI". The intensity of BC] was not proportional to

part of Fig. 5.

In fact, the QMS data described in Figs. 1-4 are obtained
without loading GaN samples. We also measured neutrals
and ions when GaN samples were etched with the conditions

the increase of the percent of BChnd is probably due to shown in Fig. 4 and also by biasing the substrate- 420 V

the lower dissociation threshold ener@y6 eV) of BCl; into

and by heating it at 70 °C. The results are shown in Fig. 5 for

BCl, compared to the higher ionization threshold energythe main species. The trends of neutrals and ions in the

JVST A - Vacuum, Surfaces, and Films
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sities of these etch products including neutral etch products
[ open symbol (for C1,/10%BCl,)

F were detected as less than 1% of total plasma species. These
| solid symbol (for pure Cl,)

.
PRI |

o | o etch products showed the maximum at 30 mTorr similar to
E 5 /'\- the case of GaN etch rate with pressure. Even though it is
- } : difficult to determine the main etch products only from posi-
g —0- -m-6a’ ] tive ion products, Ga and Nappear to be the main etch
o I A ~A—N, products for both of the cases with pure ,Chnd

r= —O-GaCl' x 10 Cl,/10%BCE when compared with the data obtained with
5 F ~7— —W—GaCl,"x 10 - OES in the previous studyAlso, GaC| (x=1,2) ions ap-

e ] pear to be formed from the ionization of GaG@roducts,

3 XE@ ] which is the primary fragment of Gag£hnd is known to

") & A dominate the cracking pattern of Ga@k reported in studies
= /A ; by others>?! On the other hand, the intensity of Gappears

o | A////‘ | not to fully originate from the cracking of the GaClbut to

/O\o reflect physical sputtering of atomic species. In the previous
o study, we investigated etch products using OES and Ga and
N, were observed as the main etch products similar to the
QMS data obtained in Fig. 6. One of the possible etch prod-
Pressure (mTorr) ucts, for example, NGJ was not detected by our QMS. Also,

) - o ) N possibly from GaN was detected with a very low intensity.
Fic. 6. QMS output intensities of positive ion etch products as a function of
pressure during GaN etching by the purg @lhsma(closed symbgland by
the CL/10%BC} plasma(open symbaglat 600 W inductive power;-120 V
bias voltage, and 70 °C substrate temperature.

10 15 20 25 30 35 40

plasma whe a 2 in. diam GaN deposited on the sapphirelvy. CONCLUSIONS

wafer was etched were similar to the trends of those without

GaN even though the absolute intensities of individual spe- In this study, neutrals and positive ions produced by in-

cies were a little different. ductively coupled GI/BCl; plasmas were investigated as a
When GaN etch rates with BEhddition are compared function of pressure and &BCl; mixture using a QMS and

with the QMS data shown in Figs. 3 and 4, it can be con-their relation to the GaN etch rate was estimated.

cluded that GaN etch rates are mainly controlled by the com- The GaN etch rates increased with the increase of pres-

bined effect of CJ ion bombardment and chemical reaction sure and showed a maximum near 25 mTorr for the puge Cl

of Cl radicals. However, the GaN etch rates with the additiorand near 30 mTorr for GIBCl;. The addition of BGJ to Cl,

of BCl; (less than 50%are higher than those with pure,Cl also increased the GaN etch rates until 50% BEs mixed

for all of the investigated pressure range even though Clinto Cl,. The GaN etch rate with GIBCI; showed a maxi-

appears to decrease continuously with the increase of BCmum at C}/10%BCk.

and Cl is higher than that for pure Qinly up to 20%BC] as For pure C} inductively coupled plasmas, Llwas the

shown in Fig. 4b). The BCl, which exists as the second- main positive ion species and Cl was the main neutral spe-

most prevalent positive ion(more than 15% at cies. For C}/BCl; plasmas, Cl was also main neutral species

Cl,/10%BCk), increases with the addition of BCleven and Cf was the main positive ion species until 50% BCl

though BC} appears to be not as effective as, Gh the  was mixed into G. BCl, ions were the secondmost preva-

GaN etching. Therefore, in the case of GaN etching withlent species for GVBCl; plasmas until 50% BGlis mixed

Cl,/BCls, not only Ck and Cl but also BG| appear to assist into Cl, and became the main species with a further increase

in the GaN etching. Also, from the Langmuir probe data, theof the percent of BGl

total number of positive ions and electrons appears to de- The increase of pressure increased the densities of neutral

crease continuously with the increase of the percent of, BClspecies monotonically for both pure ,Gind CL/BCl; gas

even though the GaN etch rates with the addition of BCI mixtures while CJ slightly decreased until 20 mTorr for

(less than 50%are higher than those with pure,ClThere- pure Ch; Cl; and BC} increased until 30 mTorr for

fore, rather than the number of total ions, specific ions suclCl,/BCl;. The GaN etching with pure €hppears to be re-

as Ch and BC} appear to affect the GaN etch rate. lated to the combination of ¢lion bombardment and the
Etch products produced during the etchirfg@@® in. diam  chemical reaction of Cl radicals. In the case of the GaN

GaN wafer were also investigated using the QMS. Becausetching with C}/BCls,, in addition to the combined effect of

we were not able to obtain all of the cracking patterns andCl; ions and Cl radicals, BGlions appear to be responsible

threshold energies of the possible etch products, only théor some of GaN etching even though they do not have a

positive ion species were compared as a function of pressusignificant effect on the GaN etching compared tg @hd

and the results are shown in Fig. 6 for pure, @hd for CI.

Cl,/10%BCL. As the positive ions of etch products, Ga Ga', GaCI’, GaCl, and N, were observed as the posi-

GaCl", GaCly, and N, were observed, however, the inten- tive ions of the etch products, and the intensities of these
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products showed the same trends as those of the GaN etcfR. J. Shul, C. G. Wilison, M. M. Bridges, J. Han, J. W. Lee, S. J. Pearton,

rate. Among the etch products, Ga ang &ppear to be the
main etch products. No Nglvas observed and only a trace
of N was detected.
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