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ABSTRACT

Four different Fz-based gases (SF6, NF3, PF5, and BF3) were examined for high

rate Inductively Coupled Plasma etching of Si. Etch rates up to -8 pm/min were achieved

with pure SF6 discharges at high source power (1500W) and pressure (35mTorr). A direct

comparison of the four feedstock gases under the same plasma conditions showed the Si

etch rate to increase in the order BF3 < NF3 < PF5’< SF6. This is in good correlation with

the average bond energies of the gases, except for NF3, which is the least strongly bound.

Optical emission spectroscopy showed that the ICP source efficiently dissociated NF3,

but the etched Si surface morphologies were significantly worse with this gas than with

the other 3 gases.

* Permanent address: Dept of Chemical Engineering, Chonbuk National University,

Chonbuk National University, Chonju 561-756, Korea.
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United States Government. Neither the United States Government nor any agency
thereof, nor any of their employees, makes any warranty, express or implicd, or
assumes any legal liability or responsibility for the accuracy, cmnpletcncss, or usc-
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INTRODUCTION

There is currently tremendous interest in the development and technological

exploitation of microsensors fabricated, in part by micromachining of Si(l-b). The

applications include accelerometers, gyroscopes, pressure sensors, drug delivery systems,

(’) Most Si etchingchemical sensors, programmable diffraction gratings, and micromotors .

for Micro Electro-Mechanical Systems (NiEMS) is performed with crystallographic

KOH-based solutions(2). However, there are significant advantages to the use of dry

etching for improved process flexibility and compatibility with standard Si

‘1) Disadvantages with KOH wet etching include themicroelectronics fabrication .

difficulty of etching to known depths, unavailability of submicron etching precision,

variance in etching properties of Si wafers from different 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 Si MEMS, both of

which are able to prevent undercutting of the feature sidewalk;

(i) cryogenic SFb-based plasma etching, in which the sample is held “at a

‘8-’4) This “temperature is sufficiently low that the SiFX etchlow temperature .

products are no longer volatile unless they are desorbed by ion-assistance. Since

the ions only strike the horizontal surfaces and not the feature sidewalls,

undercutting is suppressed. The drawback of this method is its complexity and

low throughput because of the wafer cooling requirements.

(ii) the so-called Bosch process, in which the feature sidewalls are

continually covered by polymer deposition during a sequential etch/deposition
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process involving alternating SF~C4F8 plasmas. The drawback of this method is

its relatively low average etch rate (- 4-5 ~m/min).

It would appear that a comparative study of F2-based feedstock gases for high-rate

Si etching would be useful in determining whether SF6 is the optimum choice in (ii)

above. The absolute reaction rate of F atoms with single crystal Si follows(] 6).

1, Y (-E&,]Rate (~min) = 2.9 x 10 T 2 exP

where T is the absolute substrate temperature, NF the F-atom number density, R the gas

constant, and EF the measured activation energy of 2.5 kcal/mol. From this equation it is

clear that one must increase the fluorine atomic neutral density in order to increase the Si

etch rate. It is not practical to increase the substrate temperature because of the need to

use photoresist or polymer masking materials with low thermal stabilities. Similarly, 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 conditions to avoid mask

degradation and loss of etch selectivity. Alternative plasma chemistries including Cl or

Br containing plasmas are not advantageous since the reaction rates of Cl and Br atoms

with Si are slower than with F(]7>’8),

k this paper we report a study of four different F2-based feedstock gases (SF,5,

NF3, PF5, and BF3) for achieving high-rate Si etching. An Inductively Coupled Plasma

(ICP) source is found to readily dissociate these gases, providing

fluorine neutrals for etching of the Si. There are strong differences in

rates with the different gas chemistries.

a flux of reactive

the maximum etch



EXPERIMENTAL

The Si samples employed in these experiments were M of 4 inch diameter, (100),

B-doped (1Qcm) 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 (13.56MHz, O-450W) sample chuck, and radial gas injection into the source

through electronic mass flow controllers. In each case the gas load was left constant at

100 standard cubic centimeters per minute (seem). Preliminary experiments showed the

Si etch rates increased with pressure – for most of the work reported here the pressure

was maintained at 35mTorr. This is 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 Spectroscopy (AES). The dissociation of

the feedstock gases in the ICP source was monitored by Optical Emission Spectroscopy

(OES).

RESULTS AND DISCUSSION

Figure 1 (top) shows the effect of ICP source power on Si etch rate for fixed

process pressure (35mTorr) and without additional biasing of the sample chuck. In this

case the ion energy is approximately equal to the plasma potential (roughly –25eV in this

tool at these conditions as determined by Langmuir probe measurements). Since real
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micro-machining processes involve long exposures of the mask material to the plasma, it

is necessary 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

chemistries, with SF6 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 NF3.

This gas should provide the highest etch rate, based on the assumption of a simple gas

dissociation analysis of the process. The etch yields (defined as 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 Lamynuir probe measurements. Ln SFG and

PF5 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 comesponds

to dc self-biases of–15 to –30V. The average energy of incident ions is then the sum of

this bias and the plasma potential mentioned earlier. The same basic trends in etch rate

with ICP power were observed (Figure 2, top), and consequently in the etch yields

(Figure 2, bottom).

OES was used to examine emission from the various discharges during etching of

Si, Figure 3 shows the spectra from BFs and PF5 processes. In both cases there are clear

signa~res of the atomic fluorine lines between 680-800m, arid SiFx etch products

(around 450nm). The surprising result is shown in the OES spectra for SF6 and NF3 in

Figure 4. The SF6 also produces strong emission from atomic fluorine and the SiFX etch
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products, while the NF3 spectrum has the strongest FOemission intensity of all the gases,

as expected from its average bond energy. However, consistent with the etch rate data,

we observed only a tiny peak due to the SiFX etch products.

SEM micrographs of the Si surfaces after 2 min etches in the four different

plasma chemistries are shown in Figure 5. The surfaces after PF5 or BF3 etching are

featureless at this magnification (xl 000), while the SFs-etched surface shows the

presence of small pits. We should point out that the human eye does not detect any

morphology on this surface and it appears mirror-like. We assume that the high chemical

component involved in the SF6 etching leads to delineation of crystal defects, which etch

slightly faster than perfect Si. Note that this is the surface morphology after etching

-1 6ym with the SF6 discharge. By sharp contrast, the NF3-etched surfaces appear cloudy

to the eye, and the SEM reveals the presence of shallow pits and linear defects. This is

the surface morphology after etching -1.5 pm with the NF3 discharge.

A more quantitative measure of surface is obtained horn the AFM data. Figure 6

shows the Si surfaces before and after etching in the four different plasma chemistries.

While the PF5 and BF3 produce little change in root-mean-square (RMS) roughness of the

Si surface, there is significant roughening with the other two chemistries. As seen in the

microstructure, this is due to the delineation of shallow pits in the case of SF6, whereas

for the NF3 the surface is clearly much rougher on a micro-scale. The RMS values for the

etched surfaces are shown in Figure 7 as a function of ICP source power for the four

plasma chemistries. Note that the roughness of surfaces etched in SF6 increases much

more rapidly with source power than does etch rate (compare with
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Figure 1). This indicates that the etch pits become more obvious above a certain source

power, i.e. above certain FOdensities.

The surprising result in all of these experiments is that NF3 does not produce the

fastest etch rates. One cause might be the formation of a heavily fluorinated (or nitnded)

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 SF6 and

NF3 processed samples are shown in Figure 8. In both cases they look similar to the

etched control sample. However, we did notice a small F-residue signal present on the

NF3-etched sample during the first few passes of the scan. These residues were desorbed

by the electron probe beam during the analysis, but do not appear in the scan of Figure 8

because that represents 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 NF3-etched surfaces.

If indeed some type of selvedge layer is the cause of the lower-than-expected Si

etch rates in NF3 discharges, we might expect that a reduction in the FOneutral flux might

actually enhance the etch rate. The neutral flux can be altered by changing either the

process pressure or ICP source power, while an increase in dc self-bias would provide

more efficient sputter-desorption of adsorbed reactants and etch products. Figure 9 shows

the Si etch rate in NF3 discharges as a function of each of these parameters. Note that

under no set of conditions do we achieve etch rates approaching those obtained with SF6

(or PF5). One clear effect of increasing ion energy through higher rf chuck power was a

transition from rough morphology to smooth surfaces on NF3-etched samples, as shown

in the AFM data of Figure 10. This would be expected through an enhanced physical
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contribution to the etch mechanism, with the angular dependence of ion milling

producing faster etching of sharp surface features,

SUMMARY AND CONCLUSIONS

Four different F2-based plasma chemistries have been compared for the goal of

achieving high etch rates for Si. The fastest Si etch rate was obtained in SF6, with peak

rates of-8 p.rn/min. The simple picture of the Si etch rate being limited by the. supply of

reactive fluorine neutrals would favor the choice of NF3. However, experimentally it is

observed that NF3 discharges produce relatively slow Si etch rates, even though the gas is

efficiently dissociated in the ICP source. The cause of these low rates is not clear, We

have previously observed that SiC is etched more rapidly in NF3 than in SF6 discharges.

It will probably be necessary to employ some form of in-situ analysis of the NF3-etched

surfaces in order to firmly establish the reason why the etch rates are not higher than

observed.
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FIGURE CAPTIONS

Figure 1. Si etch rate (top) and etch yield (bottom) as a function of ICP source power in

pure SF6, NF3, PF5, or BF3 discharges (35mTorr, OW rf chuck power).

Figure 2. Si etch rate (top) and etch yield (bottom) as a function of ICP source power in

pure SF6, NF3, PF5, or BF3 discharges (35mTorr, 5W rf chuck power).

Figure 3. OES spectra fiorn BF3 (top) and PF5 (bottom) discharges during etching of Si.

Figure 4. OES spectra from NF3 (top) and SF6 (bottom) discharges during etching of Si.

Figure 5. SEM micrographs of Si surfaces after etching in SF6 (top left), NF3 (top right),

PFs (bottom left), and BFj (bottom right).

Figure 6. AFM scans of Si surfaces before and after etching in SF6, NFs, PF5, and BF1.

Figure 7. RSM roughness of Si surfaces after etching in SF6, NFs, PF5, and BF3.

Figure 8 AES surface scans of Si before (top) and afler SF6 (center) or NF3 (bottom)

etching.

Figure 9. Si etch rate as a function of a) Pressure, b) rf power, and c) ICP power in NFl

discharges.
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Figure 10. AFM scans of Si surfaces before (top) and after (center and bottom) NFJ

etching without (center) or with (bottom) rf biasing of the chuck position.
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Table 1. Average bond energies for feedstock gases.

b

PF5 126 20
SFG 78.3 21
NFj 66.4 22
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