Remote plasma etching of silicon nitride and silicon dioxide
using NF;/0, gas mixtures
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The etching of silicon nitride (SizN4) and silicon dioxide (SiO,) in the afterglow of NF; and
NF;/0, microwave discharges has been characterized. The etch rates of both materials increase
approximately linearly with the flow of NF; due to the increased availability of F atoms. The etch
rate of Si3N, is enhanced significantly upon O, injection into the NF; discharge for O,/NF; ratios
of 0.3 and higher, whereas the SiO, etch rate is less influenced for the same flow ratios. X-ray
photoelectron spectroscopy of processed SisN, samples shows that the fluorine content of the
reactive layer, which forms on the Si;N, surface during etching, decreases with the flow of O,, and
instead oxidation and nitrogen depletion of the surface occur. The oxidation of the reactive layer
follows the same dependence on the flow of O, as the etch rate. Argon actinometry and quadrupole
mass spectrometry are used to identify reactive species in the etching of both materials. The atomic
fluorine density decreases due to dilution as O, is added to the discharge. The mass spectrometer did
not detect NF, species (x=1-3) at any discharge parameter setting, which indicates the near
complete dissociation of NF;. Nitric oxide (NO) was detected by mass spectrometry, and the NO
density shows the same dependence on O, flow as the Si;N, etch rate and the surface oxidation.
Based on this observation, we propose that the etch rate enhancement for SisN, is due to the
adsorption of the NO on the SizN, surface, followed by the formation of N, with a N atom from the
surface. The O atom can then attach to the same surface site, contributing to the oxidation. © 7998
American Vacuum Society. [S0734-2101(98)00604-6 ]

I. INTRODUCTION chamber. This method is applicable in CVD reactors for Si,
Si0,, Si;N,, and tungsten compounds.'™

The etching characteristics of fluorocarbon gases like CF,
and C,F¢ have been widely studied. These gases are used for
reactor cleaning, but since etching often occurs together with
the formation of an undesired fluorocarbon polymer layer,

they require the addition of O,. A clean alternative to those

The minimization of feature sizes forces the semiconduc-
tor industry to constantly improve fabrication processes. For
example, ion induced damage to oxide layers is not accept-
able as the gate oxide thickness approaches 50 A or less.
Therefore, mask materials are increasingly stripped down-

stream from a remote plasma source, avoiding the bombard-
ment of the surface with energetic ions, which is typical for
a direct plasma process. Also, reactors for chemical vapor
deposition need to be cleaned periodically in order to ensure
a constant high quality of the thin films deposited.! Cur-
rently, plasma enhanced chemical vapor deposition
(PECVD) chambers are often cleaned in sifu, which can re-
sult in damage to chamber parts because of the presence of
both fluorine and ion bombardment on electrodes. Low-
pressure chemical vapor deposition (LPCVD) tubes are
cleaned using a wet chemistry, e.g., hydrofluoric acid for the
cleaning of LPCVD Si and SizN, tubes.

A procedure that minimizes tool downtime and chamber
damage, avoids the disposal of wet chemicals, and poten-
tially enables a higher level of cleanliness, is remote plasma
cleaning. The reactive afterglow of etching gases can be used
to strip deposited layers off reactor walls and to clean the
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gases is nitrogen trifluoride, NF3, and mixtures of NF; with
0,. Discharges of NF; are not polymerizing, and thus a good
choice for cleaning applications. Nitrogen trifluoride is envi-
ronmentally preferable to CF, and C,F4 because it has a
shorter atmospheric lifetime.* Another advantage of NF,
over fluorocarbon gases is that the dissociation of NF; in a
discharge can approach 100%, resulting in higher F atom
concentrations and higher etch yields as compared to fluoro-
carbon gases.

In previous publications®’ the etching of Si;N, and SiO,
in remote CF, discharges with O, and N, additions has been
examined. It was found that the etch rate of Si3Ny is strongly
enhanced when both O, and N, are added to the CF, dis-
charge, but the SiO, etch rate remains unchanged. A linear
correlation between the Si3N, etch rate and the density of
NO was observed,”’ and Blain ez al.® suggested three models
for the chemical effect of the NO on the nitride surface, all
incorporating enhanced removal of the nitrogen. Surface ef-

fects of the NO molecule could also be observed for silicon
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FI1G. 1. Schematic of the chemical downstream etcher used in this investi-
gation. The gases are fed into the sapphire applicator, where a microwave
discharge is ignited. The species effluent from the plasma travel through
tubing of variable length and lining material to the reactive chamber. The
sample is placed on the center of an electrostatic chuck. A quadrupole mass
spectrometer is mounted on the chamber on top of the sample, and mono-
chromatic ellipsometry is used to determine etch rates.

crystalline Si during etching is reduced when NO is present,
leading to an enhanced etch rate.

This article characterizes the etching of Si;N, and SiO, in
the afterglow of NF;/O, microwave discharges. Etch rates
are reported as a function of NF; flow and gas composition,
and the reported etch rates are explained by the generation
rate of active species, determined by optical emission acti-
nometry and mass spectrometry. Furthermore, the etching
mechanism of SizNy in the presence of fluorine and NO in
the gas phase is investigated in more detail by angular re-
solved x-ray photoelectron spectroscopy (XPS). Another
article’ will characterize the etching of polycrystalline Si in
NF;/0, mixtures.

Il. EXPERIMENT

Figure 1 shows a schematic of the apparatus used for the
experiments. Nitrogen trifluoride and mixtures of NF; and
0, are excited using an Astex 2.45 GHz microwave applica-
tor with a sapphire coupling tube. The pressure for all ex-
periments was 1000 mTorr. The microwave power was var-
ied from 600 to 1400 W, the flow of NF; from 50 to 500
scem. All experiments involving O, were conducted at a mi-
crowave power level of 1400 W, with a constant flow of NF;
of either 300 or 500 sccm. A fiberoptic cable for optical
emission experiments of the discharge is mounted on the
housing of the applicator. The spectrograph used in this in-
vestigation is a 30 cm optical multichannel analyzer (EG&G
PAR Model 1470) which covers the spectrum between 250
and 850 nm. The species produced in the plasma travel
through a transport tube to the cylindrical reaction chamber.
The length, geometry, and lining material of the transport
tube can be varied. Samples of size 1 in.X1 in. are glued on
a 5 in. carrier wafer, which is placed on an electrostatic
chuck in the reaction chamber. The materials used for this
investigation are LPCVD Si;N, and thermally grown SiO,.
The temperature of the sample is monitored with a fluoroptic
probe which contacts the backside of the sample. It was kept
constant at 10 °C for all experiments. A pressure of 5 Torr of
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FI1G. 2. The etch rate of SizN,, SiO,, and polycrystalline silicon as a func-
tion of the flow of NF;. The measurements were performed at a constant
pressure of 1000 mTorr and with three different microwave power leads.
The etch rate roughly increases linearly with the flow due to the increasing
availability of reactive species.

static chuck and the carrier wafer in order to obtain good
heat conduction. Etch rates are measured in situ by mono-
chromatic ellipsometry (wavelength 632.8 nm). A quadru-
pole mass spectrometer (Leybold Inficon Transpector) is
mounted on top of the reaction chamber such that the dis-
tance from the orifice to the discharge is the same as that
from the sample to the discharge. The ionization region of
the mass spectrometer is in line of sight with the sampling
orifice and the reaction chamber. The energy of the ionizing
electrons is 35 eV. The pressure in the mass spectrometer
during an experiment is around 1X10~® Torr. The reaction
chamber is connected to an ultrahigh vacuum (UHV) wafer
handling system which allows the samples to be moved to a
multi-technique surface analysis chamber without exposure
to air.

lll. RESULTS
A. Etch rates

The etch rates of SizN, and SiO, were measured as a
function of the flow of NF; (see Fig. 2). The pressure was
kept constant at 1000 mTorr, and the parameter for the
curves in Fig. 2 is the microwave power. The flow range in
which it was possible to obtain stable discharges depended
on the power. At 600 W, for example, a stable discharge
could be obtained only for 50 sccm of NF;, whereas at 1400
W the flow of NF; could be varied across the whole range
permitted by the mass flow controller. The etch rates of all
three materials increase linearly with the flow of NF;. Since
all curves coincide, microwave power does not influence the
etch rate significantly. The SiO, etch rates, however, grow
faster with the flow of NF; than the corresponding Si;N, etch
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FI1G. 3. The etch rate of silicon nitride vs the flow ratio of O, and NF;. The
effect of oxygen addition is most pronounced for a high flow of NF; (500
scecm).

The etch rate of polycrystalline Si is proportional to the
density of atomic F if no significant oxidation of the silicon
surface occurs.®!” Therefore, the F density can be calculated
from the Si etch rate and published rate constants.!! The etch
rate of polycrystalline silicon is shown on the bottom panel
of Fig. 2. It is also proportional to the NF; flow, and higher
than the SizNy etch rate by a factor of 30. This comparison
shows that F atoms, the primary etchants for Si and Si;Ny,
are available in abundance to sustain the etching of SizNy,
and that the etch rate of SizN, is not limited by the density of
atomic F.

Oxygen addition to a NF; discharge strongly enhances the
Si3N, etch rates. Figure 3 shows the etch rates of Si3N, as a
function of the ratio O, /NF;. Pressure and microwave power
were kept constant at 1000 mTorr and 1400 W, respectively.
The flow of NF; was fixed at either 300 or 500 sccm. A
small amount of oxygen increases the etch rate by a factor of
2 for a NF; flow of 500 sccm, and by a factor of 4.3 in the
case of 300 sccm of NF;. As the flow of O, is increased
further (up to O,/NF3;=0.3), the etch rates remain constant,
and etch rates for 300 and 500 sccm of NF; are identical. A
significant difference is observed for high flows of oxygen
(O,/NF5>0.3). The etch rate for the low flow of NF; re-
mains on the same low level, whereas the etch rate for the
high NF; flow increases continuously until it saturates near
0,/NF;=1.

Oxygen addition to a discharge of 300 or 500 sccm of
NF; does not affect the silicon dioxide etch rates as strongly
as it does the silicon nitride etch rates. Figure 4 shows the
etch rates of SiO, for ratios O,/NF;=0 to 1. In the case of
500 sccm of NF;, the etch rate remains almost constant up to
ratios O,/NF;=0.5, and then increases slightly. If oxygen is
added to a lower flow of NF; (300 sccm), the etch rate of
Si0, actually decreases.

For certain unstable plasma conditions, etch rates of Si;Ny
and SiO, were found to be abnormally high. These condi-
tions often occurred during the tuning of the discharge. After
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F1G. 4. The etch rate of silicon dioxide as a function of the flow ratio
O, /NF;.The etch rate decreases as oxygen is added to a flow of 300 sccm of
NF;. If a higher NF; flow is used (500 sccm), the etch rate remains on a
constant level up to a ratio of 0.4, and then increases slightly upon further
increase of the flow ratio.

power (<10 W), the etch rates assumed regular values. Mass
spectrometry measurements which were performed with an
untuned discharge (200 W reflected power), showed a higher
NO signal than a tuned discharge and the presence of
NF, (x=1,2) species in the reaction chamber. It is likely that
the high NO density is responsible for the fast Siz;N, etch
rate. The SiO, etch rate is not influenced by the NO density.
It is possible that NF, species enhance the etching of SiO,
under these conditions.

B. Optical emission and actinometry measurements

We performed actinometry measurements to monitor the
production of atomic fluorine and oxygen in the discharge as
a function of the flow O, in NF;. Actinometry with argon as
a tracer gas has been widely used to determine the relative F
atom density in CF,/O, and SF4/O, systems.'*"'> The
method has been validated by Donnelly ez al.'® for the after-
glow of CF4/0, and NF;/Ar systems. The ground state den-
sity of a species X in the discharge, 7y, is proportional to the
density of Ar and the ratio of the emission intensities'’

nXocnKr[X/]An (1)

where the Ar density is determined from the total gas density
N and the gas flows

I @
Onr, T Q0,1 Our
Typically, the intensity of the Ar 4s'[1/2]°—4p'[1/2]
emission at 750.4 nm, whose upper level has an excitation
energy of 13.48 eV, is set in relation with the F 3s2P
—3p?P° emission at 703.7 nm (14.76 eV), or the O 353S°
—3p>P triplet at 844.6 nm (10.99 V). In our experiments,
however, the Ar (750.4 nm) line overlapped with other
peaks, and the numerical determination of the intensity is

very likely to have a systematic error. In order to eliminate
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FIG. 5. The relative changes of the O atom concentration as determined by
Ar actinometry. The flow of NF; was kept constant at 300 and 500 sccm,
respectively. As expected, the density of O atoms in the plasma region
grows with the flow of oxygen. The production of atomic oxygen is higher
by a factor of 1.9 for the low flow of NF;.

—4p[11/2]) and Ar (811.5 nm, 4s[11/21°—4p[21/2])
lines into our analysis. The energies of the upper levels of
these emissions, 13.17 and 13.08 eV, are very close to that of
the Ar (750.4 nm) line. The determination of the emission
intensities of these two emissions is straightforward, since no
overlap with other emission lines occurs. In all our experi-
ments, we find that the F/Ar (763.5 nm) and F/Ar (811.5 nm)
ratios have the exact same dependency on the O, flow. We
decided to use the Ar emission at 811.5 nm as actinometer
for all graphs shown here. As discussed recently by Petrovic
et al'® and by Malyshev and Donnelly,"” cascading from
metastable states into the 4p[2 1/2] level may contribute
significantly to the Ar 811.5 nm emission, whereas the con-
tribution to the Ar 750.5 nm emission is negligible. All
changes in the plasma affecting the Ar metastable density
will also affect the emission intensity of the Ar 811.5 nm
line. This effect is not taken into account in our analysis.
However, we estimate the error introduced by using the Ar
811.5 nm line to be 15% or less. This estimate is based on a
comparison of Ar 750.4 and 811.5 nm emission intensities
from a CF,/O,/Ar microwave plasma ignited in the same
applicator under similar conditions. The Ar emission lines
from this gas mixture are free of overlap. The normalized Ar
750.4 and 811.5 nm emission intensities, as a function of O,
flow, vary by a maximum of 15% in the CF,/O,/Ar system.
This is reflected by the error bars in Fig. 5. Furthermore, the
Ar 811.5 nm emission deviates from the dilution curve no
more than 10% and in a nonsystematic way, which supports
the notion that the metastable contribution does not depend
on the O, flow.

Walkup et al.*® have compared Ar actinometry of O in
CF4/0, discharges with two photon laser induced fluores-
cence measurements. They found that the O 3s5°S°—3p°P
triplet at 844.6 nm yields more reliable results for the ground
state O atom density than the 35°S°—3p>P triplet at 777
nm, since dissociative recombination of O, molecules can
significantly contribute to the population of the 3p°P level

and the emission at 777 nm.
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FI1G. 6. The relative changes of the F atom concentration as determined by
Ar actinometry. The same experimental parameters were used as in Fig. 5.
The dashed lines indicate the calculated density of F under the assumption
that dilution is the only effect of O, addition to NF;. At both flows of NF;,
the production of F atoms is not enhanced significantly. The F concentration
decreases due to dilution. This is in contrast to CF,/O, microwave plasmas,
and also to NF;/0, low density plasmas.

in the discharge region is shown as a function of the ratio
0O, /NF;. As one expects, the density of O atoms increases
with the flow of O,. However, in the case of 300 sccm of
NF;, the O atom concentration grows faster than in the case
of 500 sccm of NF5. The initial slopes of the curves differ by
a factor of 1.9. At a fixed flow of 300 sccm of O, (designated
by crosses in Fig. 5), the density of ground state oxygen
atoms is higher by a factor of 2.9 for the low flow of NF;.

Figure 6 shows the behavior of the F atom concentration
in the plasma as a function of oxygen addition. The dashed
lines show the predicted F density under the assumption that
dilution of gas phase species is the only effect on the pro-
duction of F as O, is added to the discharge. The concentra-
tion of F decreases with the addition of O,. However, Fig. 6
indicates that the decrease of the F density for the case of
500 sccm of NFj5 is less than predicted by the dilution effect
by a margin significantly greater than the error. This indi-
cates that the production rate of F atoms is slightly increased
by the presence of oxygen in the discharge, but the total
density decreases due to dilution.

In order to gain information about the chemical effects of
the O, in the discharge, relative changes of the emission
intensities from N, and NF were determined. Oxygen atoms
can be expected to quickly oxidize the lower fluorides of
NF;,%!%? leading to a reduced density of NF, (x=1,2) in the
plasma. The production of N, is likely to decrease in favor of
the generation of oxides of nitrogen.?? The b 'S*—X 33~
system of NF at 528.8 nm and the C *I1,— B 3Hg system of
N, at 357.7 nm could be detected. The emission intensity of
both N, and NF in the plasma decreases more strongly than
just due to the dilution effect (see Fig. 7), and the emission
from NF vanishes at O,/NF;=2. This indicates the presence
of chemical reactions of those species with O or O,.

Optical emission from other species, e.g., F,, N, NO, or
NO,, could not be identified in the present work. This is
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FI1G. 7. The relative changes of the N, and NF emission intensities from the
NF; /0, discharge. The same experimental parameters were used as in Fig.
5. Again, the dashed line indicates the dilution by O,. At both flows of NF;,
the density of both species is reduced more than just by dilution alone.

and NF;/Ar'® discharges. Atomic nitrogen and F, are sup-
pressed by fast reactions with NF, species'®

N+NF,—NF+NF,_, 3)
F,+NF,_;—NF, +F, 4)

therefore their emission intensity is below the detection limit
of our spectrograph. So far, no explanation for the absence of
emission from NO can be given.

C. Mass spectrometry measurements

We previously applied mass spectrometry to determine
the relative changes in the concentration of reactive species
in chemical dry etching.” As in our previous work, we mea-
sured the intensities of the species with and without a dis-
charge ignited. The data is then plotted as the difference
between the plasma-on and the plasma-off state, which rep-
resents the production and dissociation of species in the
plasma better than the approach where the plasma-on state
only is measured.

An analog spectrum of the afterglow of a microwave dis-
charge in pure NF; is shown in panel (a) of Fig. 8, together
with the spectrum obtained for no discharge ignited. This
spectrum shows the NF; peak at mass number 71 and the
cracking products NF and NF,. Background signals of O,
and N, are also visible. These peaks disappear completely, as
a discharge is ignited with 1400 W of microwave power.
Instead, F, F,, and N, are produced. SiF; at 85 amu appears
as a cracking product of SiF,, the product of etching reac-
tions of quartz windows in the reactor. The difference spec-
trum 7 piagmaon— I plasmaosr 1S Shown in panel (b). The dissocia-
tion of species, like NF,, is represented as a negative peak.
Generation of species, like N,, F,, and the F radical leads to
positive peaks in the difference spectrum. Panel (c) of Fig. 8
shows the difference spectrum obtained from a NF;/O, mix-
ture. Nitric oxide is produced in the discharge, and oxygen is

visible as a negative peak.
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FiG. 8. Typical mass spectra sampled from the downstream reactive cham-
ber. For the top panel pure NF; is used. The top panel shows analog spectra
for no discharge and for the microwave discharge ignited, together with the
difference spectrum. The NF, (x=1,2,3) peaks disappear completely as the
discharge is ignited. Therefore they appear as negative peaks in the differ-
ence spectrum. N,, F,, and F radicals are the main products of the NF;
discharge. The bottom panel contains the difference spectrum of a NF;/0,
mixture showing NO production.

tensity of the peak at 19 amu as a function of O, addition to
500 sccm of NF;. The density of F, decreases with increas-
ing flow of O,. The dashed line in Fig. 9 is the dilution
curve. The peak at 19 amu is due to atomic fluorine and
electron impact dissociation of F, in the ionization region of
the mass spectrometer. The data shown are not corrected for
this effect, since an estimate for the F, contribution was not
available.

It is known from previous work’ that the etch rate of
Si3Ny is proportional to the density of NO in the reaction
chamber. Figure 10 shows the normalized NO density down-
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FiG. 9. The intensity difference between the plasma-on and plasma-off val-
ues, Ipiusmaon— Iplasmaorrs for the '’F and the 3%F, peaks. Both difference
values decrease as the flow of O, in NF; is increased from a ratio O, /NF;
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