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Abstract

Four different Fluorine-based gases (SF,, NF;, PF,, and BF;) were examined for high rate Inductively Coupled

Plasma etching of Si. Etch rates up to ~8 um/min were achieved with pure Sk, discharges a high source power (1500 W)
and pressure (35 mTorr). A direct comparison of the four feedstock gases under the same plasma conditions showed the Si
etch rate to increase in the order BF; < NF; < PRy < SF,. This is in good correlation with the average bond energies of
the gases, except for NF;, which is the least strongly bound. Optica emission spectroscopy showed that the ICP source
efficiently dissociated NF;, but the etched S surface morphologies were significantly worse with this gas than with the

other 3 gases.
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1. Introduction

There is currently tremendous interest in the develop-
ment and technological exploitation of microsensors fab-
ricated in part by micromachining of Si [1-4]. The
applications include accelerometers, gyroscopes, pres-
sure sensors, drug delivery systems, chemical sensors,
programmeable diffraction gratings, and micromotors [5].
Most S etching for Micro Electro-Mechanical Systems
(MEMS) has been peformed with crystalographic
KOH-based solutions [2]. However, there are significant
advantages to the use of dry etching for improved pro-
cess flexibility and compatibility with standard Si micro-
electronics fabrication [1]. Disadvantages with KOH wet
etching include the difficulty of etching to known
depths, unavailability of submicron etching precision,
variance in etching properties of Si wafers from differ-
ent vendors, loading effects and fluid distribution effects
in etch baths. Dry etching can remedy these problems.

Currently there are two approaches to the dry etching
for S MEMS, both of which are able to prevent under-
cutting of the feature sidewalls:

(1) cryogenic SF4-based plasma etching, in which the
sample is held a a low temperature [6-11]. This temper-
ature is sufficiently low that the SIF, etch products are
no longer volétile unless they are desorbed by ion-assis-
tance. Since the ions only strike the horizontal surfaces
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and not the feature sidewalls, undercutting is sup-
pressed. The drawback of this method is its complexity
and low throughput because of the wafer cooling
requirements.

(2) the so-called Bosch process [12], in which the fea
ture sidewalls are continually covered by polymer depo-
dgtion during a sequentia etch/deposition process
involving alternating SF¢/C,F; plasmas. The drawback of
this method is its relatively low average etch rate (~4-
5 pum/min).

It would appear that a comparative study of F,-based
feedstock gases for high-rate Si etching would be use-
ful in determining whether SF; is the optimum choice in
(ii) above. The absolute reaction rate of F atoms with
single crystal Si follows [13].

Rate (A/min) = 2.9 x 10" N.T"’exp(-EJ/RT)

where T is the absolute substrate temperature, Ng the F-
atom number density, R the gas constant, and E; the
measured activation energy of 2.5kcal/mol. From this
equation it is clear that one must increase the fluorine
atomic neutral density in order to increase the S etch
rate. It is not practica to increase the substrate tempera-
ture because of the need to use photoresist or polymer
masking materials with low therma stabilities. Simi-
larly, the reaction rate could be enhanced by providing a
substantial energetic ion flux to the Si surface. The ion
energy, however, must be kept low under these condi-
tions to avoid mask degradation and loss of etch selec-
tivity. Alternative plasma chemistries including Cl or Br
containing plasmas are not advantageous since the reac-
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tion rates of Cl and Br atoms with S are slower than
with F [14, 15].

In this paper we report a study of four different F-
based feedstock gases (SF,, NF; PR, and BF;) for
achieving high-rate Si etching. An Inductively Coupled
Plasma (ICP) source is found to readily dissociate these
gases, providing a flux of reactive fluorine neutrals for
etching of the Si. There are strong differences in the
maximum etch rates with the different gas chemistries.

2. Experimental

The S samples employed in these experiments were ¥4
of 4 inch diameter, (100), B-doped (1Q-cm) wafers. For
etch rate determination a small section of each sample
was masked with Apiezon wax, and the step height
measured by stylus profilometry after the removal of the
mask in acetone. Etching was performed in a Plasma
Therm 790 series reactor. This consists of a 3-turn ICP
source (2MHz, 1500W), a He backside-cooled, rf-
biased (13.56 MHz, 0~450 W) sample chuck, and radia
gas injection into the source through eectronic mass
flow controllers. In each case the gas load was left con-
dant a 100 standard cubic centimeters per minute
(sccm). Preliminary experiments showed the Si etch rates
increased with pressure - for most of the work reported
here the pressure was maintained at 35 mTorr. Thisis the
highest value at which plasma tuning was stable.

The etched surface morphology was examined by both
Scanning Electron Microscopy (SEM) and Atomic
Force Microscopy (AFM), while the near surface atomic
composition was measured by Auger Electron Spectros-
copy (AES). The dissociation of the feedstock gases in
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Table 1
Average bond energies for feedstock gases

Gas Avg. Bond Energy (kcal/mol) Reference

BF; 14 19

PF; 126 20

S 78.3 21

NF; 66.4 22

the ICP source was monitored by Opticad Emission
Spectroscopy (OES).

3. Reaults and Discussion

Figure 1 (left) shows the effect of ICP source power
on Si etch rate for fixed process pressure (35 mTorr) and
without additional biasing of the sample chuck. In this
case the ion energy is approximately equal to the plasma
potentia (roughly —25€V in this tool a these condi-
tions as determined by Langmuir probe measurements).
Since read micro-machining processes involve long
exposures of the mask material to the plasma, it is nec-
essary to minimize the ion energy to prevent erosion of
the mask. There are significant differences in the Si etch
rates achieved with the four different plasma chemis
tries, with SF; providing for the fastest etch rates. It is
instructive to compare the observed etch rate trends with
the average bond energies for the gases, shown in Table
1. Note that there is a good correlation between weaker
bond energy (i.e. easier dissociation to provide reactive
fluorine neutrals) and higher etch rate, except for the
case of NF;. This gas should provide the highest etch
rate, based on the assumption of a simple gas dissocia-
tion analyss of the process. The etch yields (defined as
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Fig. 1. S etch rate (left) and etch yidd (right) as a function of ICP source power in pure Sk, NF; PR, or BF; discharges
(35 mTorr, OW rf chuck power).
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Fig. 2. S etch rate (left) and etch yidd (right) as a function of ICP source power in pure Sk, NF;, PR, or BF, discharges
(35 mTorr, 5W rf chuck power).

the number of Si atoms removed per incident ion) were
calculated from a simple semi-empirical model that uses
extrapolations of ion flux data obtained from Langmuir
probe measurements (Fig. 1, right). In Sk and PR there
is clearly a strong chemical component to the etching,
with etch yields in the range 6~10.

The same experiments were repeated with 5W rf
chuck bias, which corresponds to dc sdlf-biases of -15
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Fig. 3. OES spectra from BF; (top) and PR (bottom) discharges
during etching of Si.

to =30 V. The average energy of incident ions is then the
sum of this bias and the plasma potentiad mentioned ear-
lier. The same basic trends in etch rate with ICP power
were observed (Fig. 2, left), and consequently in the
etch yields (Fig. 2, right).

OES was used to examine emission from the various
discharges during etching of Si. Fig. 3 shows the spec-
tra from BF; and PF; processes. In both cases there are
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Fig. 4. OES spectra from NF; (top) and S (bottom) discharges
during etching of Si.
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Fig. 5. SEM micrographs of S surfaces after etching in Sk
(top left), NF; (top right), PF; (bottom left), and BF, (bottom
right).

clear signatures of the atomic fluorine lines between
680~800 nm, and SiF, etch products (around 450 nm).
The surprising result is shown in the OES spectra for
Sk, and NF; in Fig. 4. The SF; also produces strong
emission from atomic fluorine and the SiF, etch prod-
ucts, while the NF, spectrum has the strongest F° emis-
son intendty of al the gases, as expected from its
average bond energy. However, condistent with the etch
rate data, we observed only atiny peak due to the SiF,
etch products.

SEM micrographs of the S surfaces after 2 min etches
in the four different plasma chemigtries are shown in
Fig. 5. The surfaces after PF; or BF; etching are feature-
less at this magnification (x1000), while the SF¢-etched
surface shows the presence of small pits. We should
point out that the human eye does not detect any mor-
phology on this surface and it appears mirror-like. We
assume that the high chemica component involved in
the Sk, etching leads to delineation of crystal defects,
which etch dightly faster than perfect Si. Note that this
is the surface morphology after etching ~16 um with the
Sk, discharge. By sharp contrast, the NF;-etched sur-
faces appear cloudy to the eye, and the SEM reveds the
presence of shallow pits and linear defects. This is the
surface morphology after etching ~1.5 um with the NF;
discharge.

A more quantitative measure of surface is obtained
from the AFM data. Figure 6 shows the S surfaces
before and after etching in the four different plasma
chemistries. While the PF; and BF; produce little change
in root-mean-square (RMS) roughness of the Si sur-
face, there is significant roughening with the other two
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Fig. 6. AFM scans of S surfaces before and after etching in
Sk, NF;, PR, and BF,.

chemistries. As seen in the microstructure, this is due to
the delineation of shdlow pits in the case of Sk
whereas for the NF; the surface is clearly much rougher
on a micro-scde. The RMS values for the etched sur-
faces are shown in Fig. 7 as a function of ICP source
power for the four plasma chemistries. Note that the
roughness of surfaces etched in Sk increases much
more rapidly with source power than does etch rate
(compare with Fig. 1). This indicates that the etch pits
become more obvious above a certain source powe, i.e.
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Fig. 7. RMS roughness of S surfaces after etching in Sk,
NF;, PF;, and BF,.
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Fig. 8. AES surface scans of S before (top) and after SF
(center) or NF; (bottom) etching.

above certain F° densities.

The surprising result in all of these experiments is that
NF; does not produce the fastest etch rates. One cause
might be the formation of a heavily fluorinated (or
nitrided) surface layer that prevents reaction of adsorbed
fluorine neutrals to form the volatile etch products. We
examined the etched surfaces with AES, and surface
scans of the SF; and NF; processed samples are shown
in Fig. 8. In both cases they look similar to the etched
control sample. However, we did notice a small F-resi-
due signa present on the NF,-etched sample during the
first few passes of the scan. These residues were des-
orbed by the eectron probe beam during the andysis,
but do not appear in the scan of Fig. 8 because that rep-
resents the average of 10 consecutive passes of the beam
(a standard method when presenting AES data). Note
that we did not observe any N-related residues on the
NF;-etched surfaces.

4. Summary and Conclusions

Four different F,-based plasma chemistries have been
compared for the goa of achieving high etch rates for
Si. The fastest S etch rate was obtained in Sk, with
peak rates of ~8 um/min. The simple picture of the S
etch rate being limited by the supply of reactive fluo-
rine neutrals would favor the choice of NF;. However,
experimentaly it is observed that NF; discharges pro-
duce relatively dow S etch rates, even though the gas is
efficiently dissociated in the ICP source. The cause of
these low rates is not clear. We have previoudy
observed that SIC is etched more rapidly in NF; than in
Sk, discharges. It will probably be necessary to employ
some form of in-stu anaysis of the NF;-etched sur-
faces in order to firmly establish the reason why the
etch rates are not higher than observed.
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