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Mechanisms in Reactive Ion Etching
of Silicon Carbide Thin Films

W.-S. Pan* and A.J. Steckl**
* Intel Corporation, Santa Clara, CA 55052

** University of Cincinnati, Nanoelectronics Laboratory,
Department of Electrical and Computer Engineering, Cincinnati, Oll 45221-0030

1 Absuact

The etching mechanisms for the reactive ion etching of SiC thin films were investigated using
fluorinated gases, such as SF/O7, CHF3/O;, CBrI'3/07 . The major mechanisms involved are: (a)
physical removal by sputtering due to ionized particles within the plasma, (b) chemical reaction of active
plasma species with C and Si with the generation of volatile products. The self-induced DC Bias has
beer. shown to have a very strong effect up to a certain cross-over value of around 300V. The effect is
related to the rate-limiting removal of the C-rich surface layer. We have confirmed that the chemical
reaction process proceeds by removal of Si through reactions with I species (1o gencrate Silig) while C
is removed by reactions with O3 (to generate COyx) only . No reaction between C and IF was observed in
the experimental results. A carbon blocking model is proposed to describe the etching profile under RIE

mode.

2. Introduction

Plasma ctching techniques have been employed to etch SiC in a number of fluorinated gases, such as
CF4/02, Ste/tle and Ar plasma {1]. The use of CF4 {2, 3], CF4/O; (1, 3, 4], NI'y 5], SFg 16}
plasmas to pattern SiC has been previously reported. These results concentrated on SiC etch rates under
various conditions. A two step SiC etching model had been proposed [7]. In this paper, we report on
the results of experiments designed to elaborate aspects of the SiC etching mechanisms. In panticular,
we have employed gases with high fluorine content (SFg) and low fluorine content (CBri*y and CIIT3)

in the RIE mode and we have analyzed the effect of plasma DC bias.

3. Experunental Procedure

SIC thin flmcwere deposited by RIF sputtering onto silicon substrates in a planar system. The filim

preparation and apparatus used in these experiments have been previously reported [ 1], The etching




experiments were carried out in a parallel plate reactor equipped with a computer-controlled grating
monochromator for measuring optical emission within the plasma [8]. The DC self-bias of the RF
electrode was also monitored. The etching mechanism of each gas has been investigated by exposing
large areas of SiC in the chamber to cause u loading effect. The surface coverage was from 10% to
40%. The changes of species density in the plasma caused by consuming large amount of reactants (9]
were detected from optical emission spectra at various emission wavelengths, such as [F] (703nm) and
[O] (77nm). Reaction by-products monitored at other wavelengths could also be formed in the gas
phase by the process gases themselves, such as CBrF3 and CHF3 leading to [CO] (297nm) and [CF»]
(289nm). Therefore, a comparison spectrum was used to eliminate this possible effect from the
experiments. Resulting measurements of carbon products were, therefore, considered to be contributed
by the SiC only. The [COx] and [CFy] intensity could be detected at many different wavelengths, such
as 283nm, 297nm, 313nm for [COJ, 290nm for [CO7*], 275nm, 262nm, 290nm for [CF3], etc.

4. Results and Discussions

The pressure dependence of SiC, Si and SiO7 etch rates in SFe/O; plasma is shown in Figs. 1 and 2. It
is important to note that as the DC bias increases with decreasing pressure the SiC eich rate
monotonically increases until a bias of approximately 300V is reached. For higher values of DC bias,
the etch rate 1s apparently no longer linked to the bias but rather depends on the concentration of
reactants, namely oxygen and fluorine, in the plasma. The behavior of the Si etch rate, on the other
hand, appears to be independent of the DC bias and only a function of the fluorine concentration.
Similar SiC and Si characteristics are observed in CBrF3/O; plasma. Based on these observations, we
postulate two regimes for the bias dependence of the SiC etch rate. As shown in Fig. 3, in regime I, the
etching of the SiC films is rate controlled by the DC bias. In region I, above a critical value of the bias,
the etch rate becomes reaction-limited. Since the Si is readily etched by fluorine even at low bias levels,
we conclude that it is the reaction between carbon in the SiC and oxyg=n in rhe plasma that controls the
SiC etch rate and needs to be enhanced by the DC bias. This was con"irinv 4 by Auger studies of the
SiC surface layers before and after reactive ion etching. A carbon-rich su..ace was found in all cases,
with the amount of C decreasing with increasing 0% in the plasma.

The RIE etching mechanisms for SiC in SFg/O» plasmas were investigated by etching four 3" SiC-
coverca ~amples (40% coverage) and measuring the DC bias, [F] (703nm), {O] (777nm), [CF-]
(289nm) and [COJ (297nm) intensities during etching by SFg/35%07 at 200W, 20sccm, 20mTorr. In
Fig. 4 (a), the intensity of the comparison spectrum is shown displaying the differences between "no
sample” plasma (positive part) case and SiC sample loaded plasma (negative part). The main reactants
and products are marked. The data foi [COJ, (1] ¢ud {Oj densiy versus etching time is shown in Fig. 4
(b), starting with the unloaded plasma (time <0), followed by the time period of etching the SiC film (0
< time < 3.5min) and finishing with etching of the Si substrate. The [COJ density was measured from
the comparison spectra. Both [F] and {O] density decreased during the etching cycle. The [COJ density
shows a clear relation to the etching process. No [CF2| peak was found. Similar results were obtained
for SFg/90% 02, CBrE3/70%02 and CHE3/90%03 etching of SiC.
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Fig. 1 RIE of SiC, Si and SiO in
SFe/90%07 mixtures as a function of
pressure: (a) cteh rates; (b) DC bias and
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Fig. 2 RIE of SiC, Si and SiOj in
SF¢/35%07 mixtures as a function of
pressure: () etch rites; (b) DC bias and
plasma specics densities

Accession Por

DTIC TA®
Unaan~unced

a
O

b . . J
NTIS GRA&I

Just 1:’10m10n._._______+

Ky
Distrivution/
Availsbility Codes
vi]vail and/or
Dist j Special

A
P

. ———— mac———




SiC T :
Eich
Rate l T (FJ, (O]
I. DC-Bias-
Controlled i
|
| 1. Reaction-Rate Controlled
|
|
|
|
Cross-Over Bias DC Bias ——»

Fig. 3 Schematic of SiC ctch rate dependence on plasma DC bias

(SO} {o]e]!
T T T T 1 SFJ/I5% 0. 200W,
COil 20m Torr, 20 scem
400 (cQalr Loading = 4-3° Waler
> 00
g , M‘AT #\.\1 .VA .'vxv Y
” .
E 200} 1{ I
-o.of (Flo———a 2(O]
e - T A Aaasna rn
200 300 400 $00 800 100 800
Wavelength (nm)
S0
> —_—
o
= . . SFe/35%0, s 8
2} A0r y TR eee- - -0 —
C ' 1 o
Qo ' [ ] |‘ =3
e P ' o : (F) s
1
S 30 ; s : (0 _—
< : (CO) a
o : )
- 20 ! o
+
[+1} N _J )
3
2 ; 5 @
e ' =
2 \ G
o '
o '
- 0
0

1 2 3 4 S 6 7
Etching Tima (min)

Fig. 4 Loading experiment of etching four 3" SiC wafers at SFg/35%03: (1) comparison spectruny; (b)
relative (F], {O], [COJ density

i'o further investigate SiC etching phenomena, visual obscrvation of the ctching process was carried
out through the quartz window of the chamber. For these experiments oxidized Si substrates were used

since the Si0 presents a sharper color change from SiC (green) to SiO> (dark red). “This color change




wits used to recognize the end-pointof the SiC etching experiments. The SiC tilm thickness at the water
cdgc was [0% thinner than in the center region due o a sputtering etfect during Jdeposition, resulting in
a "ring” effect where the S10) layer is reached. The etching patterns obtained by using Sitg/35%0a,
SFe/90%02, CBrE3/75%C: and CHE3/90%07 plasma at 200W, 20mTorr and 20scem are shown
schematically in Fig. 5. For the low concentration oxygen case, such as SFo/35%0», when a 3" SiC
wafer was etched, the oxygen concentration was depleted along the direction of flow. Thus, the eiching
of SiC was dominated by the mass-transfer process and the etch rate of the wafer edge close to the gas
inlet was faster than the edge close to the exhaust outlet (center). In the high oxygen concentration case,
the reaction-limit will dominate the etching and because of the variation of SiC film thickness, the
etching pattern was round and symmetric. The effect of the carbon-rich surface in SiC etching is shown
to be the limiting step. The oxygen has a strong effect on the removal of this carbon layer and improves

SiC etch rate. Fluorine was shown not to play a major role in removing carbon under these etching

conditions.
SiC
SF5/357.02 CﬁrFJ/?57.0 2
Gas flow
A
SF /9070, . CHF3/9070 2
Si0,, /Si

Fig. 5 SiC etching phenomena by different gases and com[;ositionmof oxygen at 200W, 20scem,
20mTorr in RIE mode

Based on the experimental results discussed above, we conclude that the etching of SiC in the reactive
ion etching process consists of two basic mechanisms: physical removal and chemical reaction. For

SiC and Si etching in fluorinated gases the most likely chemical reactions are given below:

Si+4F ---> SiFy H
C +x0 --->(CO, CO )
SiC + xF + yO ---> SiFy + (CO, CO»). (3

In the reaction of (1), Si is removed mainly by reacting with fluorine to form volatile SiFy molecules.
The required energy for this reaction is believed to be much lower than the energy needed for the oxygen
- carbon reaction of (2). No carbon fluoride product was identified from the emission spectra, even in

abundant fluorine concentration gases, such as the SFg/35%03 loading experiments.  tence, only




oxygen is constdered v the carbon removal reaction (2) and the reaction between carbon and fluorine 1s
suggested to occur at o very low rate. Therefore, in the eiching of SiC, a two-step etching process.,
shown in (3), is considered to be an appropriate etching model, wherein silicon and carbon atoms are
removed separately. Under most conditions, the Si etch rate is higher than that of S1C. This is duc to
cotaparatively higher removal rate of Si atoms than C atoms.  As a result, a carbon-rich surface is
formed on the SiC film during etching, becoming a potentially rate-limiting step under certain
conditions. The C-rich surface has been verified by Auger electron spectroscopy (AES) and could be

reduced by increasing oxygen concentration and DC bias.

A carbon blocking model shown Fig. 6 () is proposed to understand the physical etching mechanism
in reactive ton etching of SiC. In general, surface damage and inhibitor mechanisms [ 11, 12} have been
uscd to explain the anisotropic etching caused by ions in plasma ctching.  The result of ion
bombardment caused by the plasma-induced DC bias on the electrode carrying the samples will cause a
more directional etching and will remove surface inhibitors from the exposed region. In turn this will
venerate more etching sites where muaterial can be removed by chemical reaction. However, ion
bombardment is not effecuve at removing material from the sidewall (parallel o the on direction).
Therefore, a carbon-rich surface remains on the SiC sidewall reducing the Luteral etching, thus resulting
in a more highly anisotropic etching. The carbon layer was assumed to be the main type of inhibitor. In
Fig. 5 (b), the carbon blocking layer is used to explain the etching phenomenon of the strong undercut
situation of Si substrate [11]. The lower surface of the SiC layer was protected by the carbon-rich layer,
preventing etching from the backside. The fact that neutral fluorine species available in ample

concentrations did not resuft in SiC etching supports our carbon blocking model.
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5. Summary

The SiC etch rate appears to be controlled by a combination of physical (DC bias) and chemica! (fluorine
and oxygen density) mechanisms. A cross-over DC bias, -300V, appears to separate the regions of
chemical and physical rate-limiting domination of the SiC etch rate. Chemical reaction model and

carbon-blocking model have been established and agree qualitatively with experimental results.
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