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Silicon nitride etching in high- and low-density plasmas using SF 6/ O>/N>
mixtures
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Results of a comparative study of SINSIO, and Si etching in high- and low-density, ©ON, based
plasmas with small additions of §Rre presented. Higher selectivities of Siétching over both

SiO, (up to 50-70)and Si(up to 20)are obtained in a high-density reactor as compared with
low-density reactive ion etching. Plasma and surface processes responsible for etching are analyzed.
Kinetics of NO molecules responsible for enhanced nitride etching is shown to be distinctly
different for low- and high-density plasma conditions. Possible ways of further optimization of the
process are discussed. @03 American Vacuum SocietyDOI: 10.1116/1.1547703]

I. INTRODUCTION erably by a proper choice of etching gases and reaction in-
termediates. Furthermore, in the lack of ion bombardment,

- . o - ) ._etching of certain materials may be suppressed as many sur-
various microfabrication processes as a dielectric material

ki d vation | | I i tal ce reactions require high activation energies. In particular,
mgg |_ng an %assgl\;%;\jgse;%er.hn ;a compllemen.?%/ MeABne can expect that absen@ reduction)of ion bombard-
oxide-semiconaticto(t.l echnology, stlicon Nitde 1S~ ant will favor higher Si to SiO, etch selectivity as the
used as a hard mask in local oxidation and other isolation . ; . :
sftrength of a Si—O chemical bori8.3 eV)is considerably

processes such as shallow trench isolation. The removal ?ugher than that for a Si—N bon@.6 eV)™ Note that the

silicon nitride film IS one of the crlthal step_s na CMOS strength of a Si—F bond has an intermediate value of 5.7 eV.
technology as possible overetch during a nitride layer Ioro:I'herefore ion bombardment is essential to promote faster
cessing may result in damages of an underlying thin oxid ’ P

film.22 Furthermore, etchants can strongly damage the silie-SIOZ etching using fIlu.onne chem|stry, while etching of iN
ust be less sensitive to ion bombardment. It has been

con substrate through imperfections of the oxide, as man 39 " .
plasma processes currently used for nitride stripping etch howrf*® that addition of N and  or NO to fluorine con-

much faster than SiNHence high selectivity of SiNetch- taining gases may considerably improve the process selectiv-
ing over both Si and SiQis strongly desired ity as nitrogen atoms or NO molecules can accelerate the

For plasma etching of silicon nitride, carbon Containingremoval of nitrogen from the silicon nitride surface. More-
gases such as GF C, F; and CHR, are widely used, in over, the oxide etch rate was shown to be reduced by NO
many cases with addition of gases promoting ponmerizatioﬂnjeCtion in the discharge. In first experiments, mixtures rich
on the etched surface€O, Hy).24~6 Polymer formation " CFa @nd G with small additions of nitrogen were uséd.
plays an important role in achieving selective and anisotropid? the further development of the method, mixtures com-
etching. However, carbon rich plasmas may create damagyse_d basically of ®and N, with only small additions of
due to implantation and postprocess diffusion of carbon intdlUCrine containing gases (Gfor NF;) have been shown to
the silicon substrat®Another concern in using fluorocarbon €tch t.he.nltsr;de with higher selectivity over silicon and sili-
gases is related to their environmental impatto minimize ~ €ON dioxide:

the latter, various approaches are currently being explored, Mechanisms responsible for highly selective nitride etch-
including process optimization and alternative chemistries. "9 iN O2/N; rich plasmas were analyzed in Refs. 9-11 and

One of the alternatives for the nitride processing is a reLl3, with emphasis on the gurface chemistry. Still, a little is
cently introduced chemical dry etchiiGDE) where remote  Known on the corresponding plasma processes. In Refs.
plasmas containing fluorine and nitric oxide are u&&g:23 10,11 chemical dry etchin@>DE) of SiN, using downstream
In contrast to conventional reactive ion etchii®JE), in the ~ O2/N plasmas with smaller additions of Wfr CF, was
CDE method the synergistic effect of ion bombardmentinvestigated. The role of NO moleculgsither produced in
which is known to strongly enhance the etch rate, is nothe Plasma or injected into the gas mixtue the surface
available. Instead, material removal occurs through purelghemistry was shown to be important for significant im-
chemical interactions taking place at the processed surfacBfovement of Silto SiO, etching selectivity. This was at-

In this case, the etching selectivity may be improved considiributed ~ toa  highly  exothermic reaction
N(surfacet” NO(gasr= O(surfaceit N2(gas) (the energy released in

@Author to whom correspondence should be addressed; electronic maithe reaction is~ 7 eV), which promo_te_s the enhanced re-
stanisla@led.unicamp.br moval of nitrogen atoms from the nitride surface and thus

Silicon nitride is one of the primary materials used in
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462 Reyes-Betanzo et al.: Silicon nitride etching 462

accelerates the overall reaction rate. Oxygen atoms left on 304 !

the surface by this reaction are believed to desorb promptly, —m—SiN, ] 350
most likely as Q. Formation of an oxidized reactive layer --9--Si0,

on the top of Si surface, reducing the silicon etch rate to a . -A-Si(x0.1)
level comparable to that of SiQ was detected byn situ 201 —0—U,
ellipsometry*®

The main disadvantage of CDE is that, due to absence of
ion bombardment, it is likely to produce isotropic etch pro-
files. In contrast, highly anisotropic etching is possible using §
RIE, which may be a critical advantage for some applica- W
tions.

In this work, the results of a comparative study of silicon 04
nitride etching in carbon-free $FO,/N, mixtures using a 2
high-density electron cyclotron resonan¢ECR) plasma
source and a conventlpnal Ipw-densny RIE etcher are pr,elfle. 1. Etch rates and dc bias vs gSffow, RIE; gas flows @/N,=30/30
sented. The ECR configuration proves to be more versatilgccm, 150 mTorr, 75 W. Silicon etch rate is divided by 10.
than the CDE and RIE ones, allowing both downstream
plasma processing and independent electrode biasing to con-
trol the energy of ions bombarding substrate at a relatively In the ECR source, two windows were used for diagnos-
low level. In the ECR experiments, Siktch rates of 20-30 tics, being located in different parts of the process chamber:
nm/min have been achieved with high selectivity over both(A) near the exit from the plasma chambéne area of a
SiO, and Si(up to 50-70 and 5-20, respectively). Lower dense plasmajB) 10 cm lower, above the electrodgown-
selectivities to Si@ were found for the RIE process. For stream region of a lower density plasmiiost spectra were
plasma diagnostics, optical emission spectroscopy was entaken from the dense plasma regignindow A), except
ployed. Mechanisms of NO generation in the two plasmavhere noted.
sources have been analyzed and shown to be different.

'min)

rate (nm/

4200

SF, flow (sccm)

Ill. RESULTS AND DISCUSSION

II. EXPERIMENT A. Etch rates

1. RIE
The ECR plasma source of Plasma Therm SLR770 used ) ) . )
heré® consists of two parts: a plasma chamber where a dense !N order to have higher r?é“etCh selectivity over SiQ)
plasma is generated and a process chamber where the plasfigst of the RIE experimentSwere carried out at a high

flows downstream to a lower electrode used as a sample®€SSUre150 mTorrjwhere the dc bias is lower. In Fig. 1,

holder. An additional rf source is used to control the electhe effect of small Sg additions to Q/N, plasma on the

trode bias and thus, the energy of ions bombarding th&tch rates is shown. Flowg of both gases were fixed at 30
sample surface. A parallel-plate capacitively coupled rf-ScCM- As the S content rises, the dc bias falls and etch
driven (13.56 MHz)asymmetric plasma source was used forates change in different ways) rises gradually for silicon
RIE experiments. Radio frequency power was applied to &itfide, (i) almost no changes are observed for oxide, and
smaller Al electrode(12 cm in diameterusually covered (i) @ sharp(~20-fold) rise of the silicon etch rate is ob-
with a Si wafer(100 mm in diameter). Maximum gas pres- served when the $feontent increases from 5 to 7.5 sccm. In
sures are 80 and 200 mTorr for the ECR and RIE reactors,

22:6G'G1 9202 Aenuer gz

respectively. 30 . ' 250
Experiments were carried out with three kinds of samples:

(i) monocrystalline(100) Si, (i) SiO, films (1 um thick) —  {|7E=SIN,

idati ili € --#--Si0 1200
produced by thermal oxidation of silicon substrates, @iid = A-Si (;0 1
SiN, films (0.1 or 0.5um thick) deposited by a low pressure g 201 —o—u..
chemical vapor depositiof. PCVD) process over thin oxide < 1790 <
films using silicon substrates. Samples were patterned by as T3
AZ 5214 photoresist mask, with an open area exceeding 50%_5 104 11005
of the total area of samples. Mixtures of gases containing {fj
N,, O, and Sk in different compositions were used. In most o i , 150
experiments, etching time was 2 min, to avoid a complete 0- ‘=-‘--‘-’-------------A’.
resist removal during the process. Etch depths were mea- 20 20 20 80 o 800

sured by a DEKTAK profiler. For diagnostic of optical emis- P W
sion from plasmas in a 200900 nm spectral range, a scan- ower (W)

ning spectromete_r was used. Plasma emission was collectefl > Etch rates and dc bias vs rf power, RIE;s%8,/N,=10/30/30
through quartz windows. scem, 150 mTorr. Silicon etch rate is divided by 10.
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Fic. 3. Etch rates and dc bias vs N2 flow, RIE;¢38, /N,=5/50/10 sccm,
150 mTorr, 75 W.

Fig. 2, power dependence of etch rates is shown. At lower
powers, etching for all materials including silicon is sup- = 251
pressed, likely due to oxidation of the surfaces. Under these'g
conditions, the etching regime is essentially ion induced, and &
the dc bias threshold for the etching process is apparently € 204

lower than 100 V. The maximum nitride etch selectivity over o
oxide obtained with the §#0O,/N, plasma was close to 2, @
with the SiN, etch rates being less than 30 nm/min. The & 151
maximum selectivity over silicon was only slightly higher I'.'I%

(~2.5), and was not obtained at the highest nitride etch rates.
The effect of small additions of nitrogen on etching is 10 4
shown in Fig. 3. The SO, mixture rich in oxygen

—m—SiN,

(SKs/0,=5/50 sccm)was used, with small admixtures of
N, and Ar. Nitrogen was gradually substituted by argon,
keeping constant the total gas flow at 65 sccm. In contrast to

what could be expected, the SiNtch rate reduces with ni- gg. 5. Etch rates vs Nflow, ECR; Sk /O, /N,/Ar, total flow 65 sccm, SE
flow 5 sccm(a) and 7.5 scentb), O, flow 50 sccm, 50 mTorr, ECR power

trogen addition. Note that the etch rates of si@hd espe-

N, flow (sccm)

cially of Si drop, too. At the same time, considerable reduc-750 W, rf power 0 W.

tion of the dc bias is observed, therefore the etch rate
reduction may be explained as a consequence of decreasing

4

6

10

ion bombardment. In other words, surface processes involv-

22:6G'G1 920z Arenuer gz

ing NO molecules play a mindif any) role in SiN, etching
under the present RIE conditions. Under such conditions
(high ratio of the ion energy flux to the NO flyxa reactive
oxinitride layer which favors the nitride-to-oxide etching
selectivity® apparently cannot be formed on the nitride sur-

Some results showing the etch rate dependencies on
plasma parameters are shown in Figs. 4—8. As compared
with the RIE results, two important points should be empha-
sized. First, the results obtained under the ECR conditions,
where a dc bias between the downstream plasma and the
electrode is quite low, show dramatic improvement in selec-

—HE—SiN, Py

— --@-- S|02 L~ \‘\.
é 20 -A--Si (x9.1) .———'tr—l i
I ‘ z \\ face.
R 1 | ,./ \
m l. \
3 . . 2. ECR
8 40{ A A
L Sa
-.od > ~
w > ~

0 T L) ] \’- i l. ------ -‘r

0 20 40 60 80

FiGc. 4. Etch rates vs gas pressure, ECR; 8P, /N,=10/30/30 sccm, ECR

power 750

Pressure (mTorr)

W, rf power 20 W. Silicon etch rate is divided by 10.

JVST A - Vacuum, Surfaces, and Films

tivity over oxide, in comparison with the RIE. In most cases,
the oxide etch rate was very low or practically stopped. To
measure the corresponding etch rates, longer etch tiopes
to 15 min)were used, giving in most cases $i€ich rates as
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Etch rate (nm/min)

Etch rate (nm/min)

Fic. 6. Etch rates vs 9flow, ECR; SE/0O,/N,, SF; flow 5 sccm(a) and
10 sccm(b), O,+ N, total flow 60 sccm, 50 mTorr, ECR power 750 W, rf
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20- -
151 -
101 ~
\ —B—SiN,
. --A--Si (x0.2
) i (x )_
b“l‘ ........ Ao _ A
0+— 3 ' ¢ I
0O, flow (sccm)
251 |
20- |
151 ' -
101 . J
N
B SN,
5 |--A-Si(x0.1) “a ]
0 20 30 40 50

O, flow (sccm)

power 0 W. Silicon etch rate is divided by(&) and 10(b).

Etch rate (nm/min)

Fic. 7. Etch rates vs SHlow, ECR; SE/0,/N,, O,/N,=50/10 sccm, 50
mTorr, ECR power 750 W, rf power 0 W. Right scale—etch rate ratios for

— T T T T T 4
301 —m—SiN, - A
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—O—ERR |,
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464

Fic. 8. Etch rates and dc bias vs rf power, ECRs 86w 5 sccm(a) and 10

50 . . r 60
—B—SiN, a e
—~ 404 ®--SiO, e
£ A Si(x0.5) 7
E |-o-u
£ 30 s A -
£ - —
[0} >
© 20 1 140 .
< -’
]
w 10 TN _‘____-Q
A o ¥
0®-- 47
0 20 40 60 80 100
RF power (W)
m SN b
X
401 --e--sio, R P
= 1-4-Si(x0.1)
= [ ]
E
E
£
L
[
L
L
i -
0@----- y 5
: ¢ ; : . —20 §
0 20 40 60 80 100 N
RF power (W) 8

sccm(b), O,/N,=30/30 sccm, 50 mTorr, ECR power 750 W. Silicon etch

rate is divided by 2a) and 10(b).

low as 0.25—-1 nm/min when no or low rf power was applied
to the electrode. Under these conditions, the maximum, SiN
to SiO, etch selectivity as high as 50—70 was obtained. With
dc bias higher than 30—40 Vat rf power of 40-100 W),
considerable rise of oxide etch rates to the level of 5-10
nm/min was observed. As the energy of ions bombarding the
electrode is a sum of the dc bias and the plasma potential
(usually about 15—-25 e\, the threshold for the oxide etch-
ing can be estimated as50—60 eV. Second, the ECR results
show that considerable enhancement of the nitride etch rate
occurs with small nitrogen additiorfpresumably due to NO
formation in an oxygen rich plasma). At the same time, the
influence of ion bombardment proves to be of less impor-

tance.

The effect of the gas pressure on etching is shown in Fig.
4 for a Sk/0O,/N,=10/30/30 sccm mixture. As the pressure
increases from 10 to 50 mTorr and higher, the oxide etch rate
is practically stopped while the nitride etch rate rises consid-
erably and then saturates. The silicon etch first rises and then

drops. This etch rate behavior is evidently due to reduced

SF,/0,/N, and Sk /O,/Ar plasmas under the same conditions. Silicon etch [0l€ _Of ion bombardment in the qownStre?‘m re_gion OC_CL_"”ng
at higher pressures, as the ratio of radicals/ions arriving at

rate is divided by 5.
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465 Reyes-Betanzo et al.: Silicon nitride etching 465

the electrode rises. In particular, at higher pressures a smallel (a)
fraction of fluorine reaches the electrode in an ionized form; No N7 (sPS) N, (FPS) o
this explains the oxide etching depression. Further experi- [TIT1 l
ments were performed with the pressure of 50 mTorr. N2

Figure 5 shows etch rate behavior as nitrogen is added l

instead of Ar for SE/O,/N,/Ar mixtures for different Sk
contents. Note that oxide etch rate is negligitiet shown)

as in most cases using ECR. Strong effect of nitrodé¢@)
addition is clear, as a fast rise of the nitride etch rate as 3
sccm of N (~5% of the total gasjs added to the mixtures
instead of Ar. The effect of small nitrogen addition is espe-
cially strong at lower Sfpercentage. The silicon etch rate is
low due to strong oxidation occurring in the plasma rich in
oxygen. Therefore the rise of the silicon etch rate withit
likely due to reduced surface oxidation as nitrogen competes (b)
with oxygen at the surface. This effect is more pronounced at
higher Sk content[compare Figs. 5(aand 5(b)].

The etch rate dependence on theg 8B, /N, mixture
composition is shown in Fig. 6 for $Rluxes of 5 and 7.5
sccm, with varying oxygen flux and the totab G-N, flux
fixed at 60 sccm. As the oxygen content rises, the silicon ,
etching slows dowitfaster for lower Sk percentage), due to
increasing silicon surface oxidation. The nitride etch rates i
are lower for oxygen-deficient plasmas, with maximum be- d J ;
ing observed at intermediate oxygen levels. LM : chacannsy J—w

In Fig. 7, the etch rate dependencies on the &bntent
for mixtures containing & N,=50/10 sccm are shown. As
the Sk flow rises from 2.5 to 13 sccm, the nitride etch rate
rise is threefold, while the silicon etch rate growth-~<l0-
fold. At lower SF; content(<5 sccm), the highest SiXBi
selectivities(varying from 4 to 20)were obtained, however
at higher nitride etch rate6=20 nm/min) the selectivity
achieved was at most2. For some mixtures, nitrogen was
substituted by the same amount of argon. The corresponding
nitride etch rate ratio is also shown in Fig. 7. It can be seen

i

22:6G'G1 920z Arenuer gz

that the enhancement of nitride etching due to NO effect is
threefold for low Sk content and drops abruptly tel (i.e.,
the etch rate is determined solely by the fluorine flag)the
Sk flow exceeds~8 sccm. Note that at the same time, the
nitride etch rate saturates at a level slightly lower than the

. _ . - . Fic. 9. Plasma emission spectra in 225-825 nm spectral range for ECR
maximum(~28 nm/min), while the silicon etch rate starts to [@.(c)] and rf (b) plasmas. Plasma composition:, M, [(a).(b)]

rise rapidly. This indicates thati) formation of stable reac- s, /0,/N, (c). FPS and SPS-Nirst and second positive system, respec-
tion layers, which enhance the nitride etching and slow dowrtively.

the silicon etching, is possible only at a relatively low flux of

fluorine radicals,_(ii) the change of the etching regime has ag Optical emission spectra

threshold behavior.

Figure 8 shows the effect of rf power on etching. Etch Comparison of spectra emitted from the rf and ECR
rates for all three materials grow with rf powetc bias). The ~ Plasma sources shows significant difference in plasma chem-
measurable oxide etching is observed at 404 bias of istry for low- and high-density conditions.
~40-50\). At lower Sk conten5 sccm, see Fig. 8(a)], the 1. O,/N, plasmas
nitride etch rate increases three times as rf power rises, while Characteristic band emission identified as a NO
at the higher conterilO sccm, Fig. 8(b)jhe growth is much  systent? was observed in a spectral region below 285 nm in
slower. At the lower S§flow (5 sccm), the silicon etching both ECR and rf sources, see Fig. 9. The emission is much
grows much faster and from a lower level than at the highestronger for the ECR plasnj&ig. 9(a)], being comparable in
SF; flow (10 sccm). intensity with N, emission in a 310—-360 nm rang@the sec-

=
<

SRl

285 405 52 765 nm

JVST A - Vacuum, Surfaces, and Films
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466 Reyes-Betanzo et al.: Silicon nitride etching 466

ond positive system). A number of unidentified weaker
bands, possibly belonging to NO, was also observed in a
465-525 nm range. Stronger O and N atomic emissions are
also characteristic of the ECR plasma, whilg first nega-
tive system emissiofB91.4 nm)is relatively stronger in the
rf plasma.

Along with more intense NO emission, higher vibrational
N, excitation apparently occurs in the ECR I, plasma,
as an intense emission of the Rrst positive systente.g., a
Av =4 sequence in a 570—610 nm rangepbserved. This
emission corresponds to high vibrational numbers of the up-
per molecular statév'= 10). In contrast, in the rf driven

plasma the emission of this,Nsystem is much weakéFig.

20 30

40

50

9(c)], evidently due to lower electron density. Vibrational
excitation of N by electron impact is known to occur at a
high rate, with maximum cross sections observed at energi%. 10. NO emission intensitias measured—Ieft scale, and normalized to
of a few electron volt$® This indicates that for the present that of Ar—right scalg vs O, flow, ECR, conditions the same as for Fig. 6.
high-density plasma conditions, the main mechanism of NO

generation is likely to be

O, flow (sccm)

N,(v=13)+O—NO+N, (1) edge, no relevant data are available in the literature on this
reaction. It might be significant for high-density plasmas
where only vibrationally “hot” nitrogen molecules are in- with a high content of negative oxygen ions.

volved. This mechanism was shown to be a principal source Based on available data, it is reasonable to assume that
of NO generation in a medium-pressuie-2 Tory O,/N,  electronic impact is the main mechanism of NO optical ex-
stationary dc discharge in Refs. 19 and 20, where discharggtation, at least for low and medium plasma densities. In this
kinetics was analyzed both experimentally and theoreticallyease, the actinometry technique with small amounts of an
The electron density was measured to be in the ramge inert gas(Ar) added to the mixture can be used to character-

=(0.5-2)x10" cm 3 depending on the discharge jze the NO relative concentration in the plasma. The general
current?® Note that for ECR sources, an electron density isactinometry formula is

usually higher ¢10'* cm™3), while for rf-driven capaci-
tively coupled discharges, a lower density 10° cm™3) is
typical. Another two rqunons were shoyvn to be of less Im'Wherelx andl ,, are intensities of optical emission frok
portance. for the conditions of a dc discharge, except forspecies(molecular or atomicand Ar atoms, Iy and Ny, are
oxygen-rich plasmas$?°

their number densities in the plasma. For actinometry, a 750

Ny =K(lx/I a)Na,

22:6G'G1 920z Arenuer gz

N+0,—NO+O, (2) nm Ar line emission is widely us_e%}._Actinometry_ is alsp
routinely employed for characterization of atomic fluorine,
o 4 and with less accuracy, of atomic oxygen and some other
NA A% - |+0—NO+N, (3)  molecular and atomic species. The basic condition for acti-

nometry is that both species are excited in the same way, i.e.,
where A3 " is a N, metastable state. A reaction of recom- by a single-step electron impact.

bination The dependence of N@band emission at 259 nm on the
) O, flow is shown in Fig. 10. The data corrected for variation
N+O+N;—NO* +N,, (4)  of Ar emission using the actinometry equation, wit3% of

where excited NO molecules are generated, was shown to teaon added fo_r diagnostic pu_rpos(smewously, we have .
L o 20 AL . checked that this small Ar addition does not alter the main
negligible for the conditions analyzéﬂ. As in our experi- . o - . -
) species emission), are also plotted in Fig.(tt& right axis).
ments the gas pressure is much smai®-150 mTorr com- . S . .
. oo It is seen that the NO generation is stronger at intermediate
pared with 1-2 Torr), we can neglect the contribution of the . . - ; . .
. . - O, flows, with the maximum being slightly shifted to higher
last reaction to production and excitation of NO molecules. L
o L . oxygen contents. The same trend can also be seen in Fig. 6
Recombination of ionic species, for example, .
for the SiN, etch rate.

To analyze changes occurring as the plasma flows down-
stream, we compared spectra taken in two regi¢As:just
where highly excited NO molecules can be produced, wakelow the plasma chamber an®) 10 cm downstream
not analyzed in Refs. 19 and 20. Then, in cascade transitior{gbove the electrode), see Table I. This comparison shows
following Eqg. (R5), optical emission of various NO systems that NO emission intensity falls downstream considerably
could be observetpossibly including unidentified bands ob- faster than that of Ar, Band other main species. This indi-

served in the 465-525 nm range, see alpove our knowl-  cates that NO is produced mostly in the upflegh-density)

NO*™+0~—NO** +0, (5)
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467 Reyes-Betanzo et al.: Silicon nitride etching 467

TaBLE |. Spectroscopy data for the ECR plasma; emission intensftieNO (259 nm), N (337 nm), N (391
nm), O (777 nm), N (747 nm), and (703 nm)are normalized to that of A{750 nm), 50 mTorr.

Gas mixture, 1(Ar)
SF; /0, /Ny/Ar, sccm Position arb.units  I*(NO)  I*(N,)  I(N3) I*(0) I*(N) I*(F)

0/50/50/2 A 7.4 7.9 11.4 35 6.6 0.7
B 4.4 1.8 8.4 3.0 8.7 11
2.5/50/50/2 A 5.3 0.80 17.5 6.5 14.4 1.2 0.81
B 3.6 0.75 10.1 5.1 16.5 18 0.80

plasma region and its regeneration in the downstréam- (3) the first negative §l system emission increases strongly
density) plasma does not compensate losses occurring (~1.6 times), as well as both nitroggi@47 nm) and

mainly due to a rapid reactidn® oxygen(777 nm)atomic lines(growth of ~1.5 times).
NO+N—N(»)+0 6) The changes of the species intensities normalized to that
and to a lesser extent, due to a three-body reaéfBmhich ~ of Ar are shown in Table I. After abrupt transformation of
is more important for high-pressure conditions spectra at small SFadditions, further rise of Sfcontent
results in only gradual minor changes of plasma emission,
NO+O+M—NO,+M, (M) see Fig. 11. These spectral changes basically can be attrib-

whereM =N, or O,. For the reactior{6) to occur, high y  uted to the fall of the plasma electron density withs Sfdl-
dissociation degreéi.e., high plasma densityis essential. dition due to attachment, as this molecule and its radicals are

Therefore, in low-density low-pressure plasmas with lowknown to have much higher electron affinity than O and O
atomic nitrogen contente.g., as in the rf plasma souice A smaller electron density results in reduced emission of Ar,
diffusion to walls will be the main mechanism of NO losses. Weaker vibrational excitation of Nand, hence, reduced gen-
Note that in the reactiof6), the vibrational leveb=3 of ~ €ration of NO in the reactiofil). In turn, emission of O and
the N, ground state is predominantly populated with smallerN atoms gets stronger because their losses in reactions with
contributions to the neighboring leveis=2 and 4. More- NO [(6, (7)] become smaller. While the reasons for thg N
over, due to a Frank—Condon principle, an electronic impac@mission growth are not completely clear, it is probably due
produces mainly “vertical excitation’® Therefore, vibra- 0 reduced N losses in reactions with negative oxygen ions
tional distributions of excited electronic states will reproducethe population of which in the plasma should be much lower
to some extent that of the ground state. Thus the correspon#! the presence of SF The fact that the Nsecond positive
ing molecular emissioffrom the upper level’ =3, e.g., the ~ System emissior{transitions fromv'=3) reduces notably,
V' =3—V'=6 transition at 389.5 nirmay be useful for moni-  gives further evidence that the reaction with N atoi@sis
toring of NO losses due to the reactiéd) in a high-density ~the dominant channel of NO losses in high density/K,
ECR plasma. In the rf driven ON, plasma, the 389.5 nm plasmas. Comparison of spectra taken in spatial points A and

band is much weaker than for the ECR case, due to lower 8 (Table 1) shows that for the &/N,/SF; plasma, the NO
content. concentration reduces downstream only slightly, in contrast

to the G /N, case. This indicates that NO regeneration

22:65:S1 920¢ Arenuer gz

2. 0,/N,/SFg plasmas T T T T T T
204 m -

—M—-ECR
—A—RF

Addition of SK; to the Q /N, mixture has a very strong
impact on the emission spectra from the ECR plasma. Ad-
mixture of 2.5 sccm of Sfto the G /N,/Ar=50/50/2 sccm
plasma results in a sevenfold drop of NO emisdthee nor-
malized intensity, |* (NO)=1(NO)/I(Ar), reduced ten
times), see Table | and Fig. 11. At the same time, other spec-
tral features change in different ways:

-
)]
1

1

—_
o
1
)

o (arb.units)

<
T
B

(1) the Ar line emission falls-30%, and the first positive N
system emission(high vibrational numbers)educes . -
~35%; 0 ]

(2) the most intense bands of the second positiyesystem 0 2 4 A 8 10
corresponding tov'=0 and 1 (e.g., 337.1 nm)rises SF. flow (sccm)
~10%, while the weaker bands starting frafm=3 (e.g., 6

the v'=3 — V' =6 transition at 389.5 nmyeduce g 11. NO emission intensity vs $Flow; ECR and RIE reactors,
~15%; SR /O, /N,.
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468 Reyes-Betanzo et al.: Silicon nitride etching 468

TaBLE Il. Spectroscopy data for the rf plasma, pressure 100 mTorr, 75 W, emission inteHsiteslO, N,,
Nz+ , O and F are normalized to that of Ar, wavelengths are the same as in Table I.

Gas mixture Ugp, I(Ar)

SF; /0, /N,/Ar, sccm \% arb.units 1*(NO) 1% (N2) 1*(N3) 1*(0) 1*(F)
0/50/50/3 510 1.0 2.4 61 38 29
2/50/50/3 400 1.4 3.1 70 17 1.5 0.03
5/50/50/3 330 2.2 2.4 59 10 11 0.08
10/50/50/3 250 2.0 2.7 78 25 1.5 0.17

downstream may be relatively more important for thecally on the gases used, more specifically, on the losses of
O,/N,/SK; plasma. This regeneration probably involveselectron energy during lifetime of electrons in the bulk
long-living N, metastable moleculeseaction(3) produced plasma. Two groups of gases may be distinguished. For sim-
in a hotter plasma region. Note that in the presence @f SF pler gases like Ar, @, N,, etc., these energy losses are rela-
formation of excited NO(A) molecules followed byy band tively low, and a dc self-bias built up between the plasma and
emission is possible through the nondissociative ion—iorthe powered electrode is high. In this case, the main fraction
neutralization reactidi of rf power is deposited in the sheath, and it is expended in
i acceleration of ions bombarding the electrode. For strongly
NO™ +SF —~NO(A)+ Sk ® electronegative gases like §Bnd SiC}, the losses in the
In part, this may be also responsible for the very slightbulk plasma are much higher, the dc bias is low, and the
downstream reduction of the NO emission intensity observedhain fraction of rf power is dissipated in the bulk plasma.
in this case. On the other hand, the presence qf 188-  When Sk is added to @/N, based plasma, an abrupt redis-
ecules and F atoms apparently does not result in enhancegbution of rf power occurs with the fall of the dc bias, the
losses of NO molecules, e.g., in a three-body reattion ion current to the electrode and the power fraction deposited
NO+E+M—NOE+M. (9) @n the sheath, \{vhile the fract.ion dissipatepl iq the bulk p!asma
increases significantly. The important point is that maximum
Analyzing the data presented, it is reasonable to concludgttachment occurs at low electron energies so that the density
that of “cold” electrons, which represent the main body of

(1) the reaction(1) between vibrationally hot Nmolecules ~ Plasma electrons, decreases strongly with the addition of an
and O atoms is the main NO source in a high-densitglectronegative gas. About 2.5-fold reduction of electron
0,/N, ECR plasma; density was detected by microwave measurements with the

(2) the reactior(3) involving metastable Nmolecules is the ~addition of 1% of strongly electronegative gas @ Arin a
presence of SF(i.e., at a reduced electron density). The tive gases like @had only a weak effect: At the same time,
same mechanisi{8) seems to be dominant for the low- the density of medium- and high-energy electrons in the bulk

density rf plasmawhether or not SEis present in the Plasma may even increase, giving rise to the observed
gas mixture, see below). growth of emission from the main plasma species.

Actinometry data show that atomic fluorine production is

For rf-driven plasma, the character of spectral changean order of magnitude stronger in the high-density ECR
with SF; addition is distinctly different. As noted previously, plasma(for example, compare data in Tables | and I1). How-
for neat Q /N, mixtures the normalized NO emission inten- ever, Si and Si etch rates are usually higher for the RIE
sity is significantly (3—5 times)weaker than that from the reactor. Therefore, etching of these materials in the ECR re-
ECR plasma. In striking contrast to the ECR plasma, the NQactor is not limited by a fluorine supply, and Siltching is
emission grows significantly with raddition, see Fig. 11. in fact limited by a NO supply. The fluorine radical flux can
The same is valid for the main plasma species aai Ar.  be estimated from the Si etch rate in oxygen-free plasmas, as
Emission intensities of other species such as O aiidyddw  silicon etching by fluorine is known to be spontaneous with
slower. As a result, the NO and,Nnhtensities normalized to the main volatile etch product being SiFThe Si etch rate
that of Ar change only slightly, while those of O and Nall under these conditions can be as high as 500 nm/min while
and that of F rises as g§hs added(Table II). At the same the maximum Silj etch rate achieved in the ECR reactor is
time, a self-bias voltagel, reduces significantly with SF  ~30 nm/min. Thus, the potential of the technique is not fully
addition indicating that strong redistribution of rf power oc- realized, and at higher NO fluxes the nitride etch rate could
curs in the discharge. rise significantly, possibly reaching the level 6100 nm/

The observed changes can be attributed to redistributiomin. The spectroscopy study has shown that even though the
of rf power between the two main plasma regions in a caNO production in ECR @/N, plasmas is relatively high, it
pacitively coupled rf-driven discharge: the bulk plasma ands strongly suppressed when SiE added. As a result, NO
the sheath. Studies of the power balance in an asymmetric groduction in Q/N,/SFK; plasmas is comparable for the two
dischargé®?*have shown that the distribution depends criti- reactors. The basic difference between them, which favors

22:6G'G1 920z Arenuer gz
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469 Reyes-Betanzo et al.: Silicon nitride etching 469

higher SiN, etch selectivities over both Sjcand Si in the Further optimization of the ECR nitride selective etching
ECR reactor, is associated with ion bombardment of the sutechnology is a subject of a future work. In particular, it is
faces. Lower Sil etching selectivity in the RIE case is due Proposed to use other fluorine-containing gases such gs NF
to stronger bombardmefiigher ion energiesyhich appar- and inject a fluorine-containing gas directly into the down-
ently inhibits formation of reaction layers on the nitride andStream region. This could help to avoid strong losses of NO
silicon surfaces and promotes faster ion-induced oxide etcHnolecules, enhance the nitride etch rate and further improve
ing. The ion energy threshold for the Si@tching can be the etching selectivity.
estimated from our data as40-50 eV.
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