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W.-S. Pan* and A.J. Steckl**

* Intel Corporation, Santa Clara, CA 55052
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1. ,\ Sh i act

Tlhc etching mechanisms for the reactive ion etching of SiC thin filInis were in vestigated using

fluorinated gases, such as SF(VO 2, CI1F 3/0 2, C13rF 3/O2 . The major mcchanisms involvcd are: (a)
physical removal by spuLttering due to ionized particles within the plasma, (b) chemical reaction of active

plasnii 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 F species (to gencrate SiF 4) while C
is removed by reactions with 02 (to generate COX) only. No reaction between C and F was observed in
the experimental results. A carbon blocking model is proposed to describe the etching profile under RIE

mode.

2. Introduction

Plasma etching techniques have been employed to etch SiC in a number of fluorinated gases, such as
CF 4/0 2, SF 6/fle and Ar plasma (11. The use of CF4 12, 31, CF14/0 2 11, 3, 41, NF3 151, SF6 161
plasmas to pattern SiC has been previously reported. These results concentratcd on SiC etch rates under
various conditions. A two step SiC etching model had been proposed 171. 1I1 this paper, we report on

the results of experiments designed to elaborate aspects of tile SiC etching mcchanisis. In particular,
we have employed gases with high fluorine content (SF6) and low fluorine content (CuirF 3 aMd CI IF3)

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

3. Expcrimental Procedure

SiC ii,,i 1 1,. were dvp'nid by RF sputtering onto silicon substrates in a planar system. The film
preparation and apparatus used in these experiments have been previously rcported I I. The etching



experiments were carried out in a parallel plate reactor equipped with a computer-controlled grating

monochromator tor measuring optical emission within the plasma [81. 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 a 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 [91

were detected from optical emission spectra at various emission wavelengths, such as [F] (703nm) and

[0] (77nm). Reaction by-products monitored at other wavelengths could also be formed in the as

phase by the process gases themselves, such as CBrF 3 and CHIF3 leading to [CO] (297nm) and [CF2 ]I

(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 [CO] and [CFxI intensity could be detected at many different wavelengths, such

as 283nm, 297nm, 313nm for [CO], 290nm for [C02+], 275nm, 262nm, 290nm for [CF 2 ], etc.

4. Resslts and Discussions

The pressure dependence of SiC, Si and SiO 2 etch rates in SF6/O2 plasma is shown in Figs. I and 2. It

is important to note that as the DC bias increases with decreasing pressure the SiC etch rate

monotonically increases until a bias of approximately 300V is reached. For higher values of DC bias,

the etch rate is 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/O2 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 II, 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 'he plasma that controls the

SiC etch rate and needs to be enhanced by the DC bias. This was corK"i,,, I by Auger studies of the

SiC surface layers before and after reactive ion etching. A carbon-rich st.,,ace was found in all cases,

with the amount of C decreasing with increasing 02% in the plasma.

The RIE etching mechanisms for SiC in SF6/0 2 plasmas were investigated by etching four 3" SiC-

cov,.,. .,amples (40% coverage) and measuring the DC bias, [F] (703nm), [Oj' (777nm), ICF2]

(289nm) and [COI (297nm) intensities during etching by SF6/35%02 at 20OW, 20sccm, 20mTorr. In

Fig. 4 (a), the intensity of the comparison spectrum is shown displaying the differcnces between "no

sample" plasma (positive part) case and SiC sample loaded plasma (negative part). The main reactants

and products are markeu. Tihc data "oi jCOj, [Fj ai1,j [O d.hj iy vcrsus 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

!5 time < 3.5min) and finishing with etching of the Si substrate. The [CO] density was measured from

the comparison spectra. Both IF] and [01 density decreased during the etching cycle. The ICO] density

shows a clear relation to the etching process. No [CF 2I peak was found. Similar results were obtained

for S16/90%02, CBrF3f7O%O and CI-IF3/90%O 2 etching of SiC.



600 4 00f2

900 -SF 5 /90Z0 2  A

S300- 2000

.C 200- I
AA. Si 1000

100 A * ,SiO 2

(m~ir Fig. I RIE of SiC, Si aznd Si0 2 in
00 100 200 300 400 SFd/9O%0 2 Mixtures as a funiction of

Presure(m~rr)pressure: (a)0 etch rates; (b) D)C bias and
-50 plasma species denslics"

400 -

0 40

30 -- 0

0

m 20020-
UL2

:OCBias 0
100 IF) 00t

01 0
0 110 200 300 400

Pressureg (mrr)

IN 1000 -6
9 F/50

U1 c-

400
.2

0 10

< 400 IS

200 .100

0 :3 i sU a i - n e

4 00 C9

oo:I)2 Accstiion lor

10 IN00GP&
0 ~ D1triC u on/~

0

0 s0 100 190 200 290 300 !Avail and/or
Pres~ure (mrorr) Dlt Special



Etc [F], [0]

1. DC-Bias-

Controlled

11I. Reaction-Rate Controlled

Cross-Over Bias DC Bias No

Fig. 3 Schematic of SIC etch rate dependence on plasma DC bIIaS

(Sol (Col
T SF.IS%O,. 200W.

(C01,r 20m Torr. 20 sc
400 -Loading -4-3- Wafer

>.200-

-. 20.0

-4. - IL- 0

200 300 400 S00 $00 T00oo

Wavelength (nm)

50

40 SF5 /3570 2  15s 1
D 40 

0

. 5 : F )

t:CO2
030

10

Etching rjmo (min)

Fig. 4 Loading experiment of etching four 3" SIC wafers at Sl-cV35%02: (a) coalparisonl spectrumn; (b)
relative IFi, 101, ICOI density

lb further investigate SiC etching phenomena, visUtia observation of the etching process was carried

out through the quartz window of the chamber. For these experiments oxitlIic Si substrates werc used

since theC SiO2 presents a sharper coloir change from SiC (greeni) to SiO, (dark red). Tis color change



, as used to recognize the end -point of the SiC etching experiments. The SiC fill ti ickness at the wifCr

edge was [0% thinner than in the center region due to a sputtering etfect durmtin dcpositon, resulting ini

a "ring" effci where the SiO2 layer is reached. The etching patterns obtincd by using SzFd35%O2,

SF6/90%O2, CBrF 3/75%(> nd CI lF3/90%0 2 plasma at 200W, 20mT>orr and 20sccit are shown

schematically in Fig. 5. For the low concentration oxygen case, such as SFcJ35%02, when a, 3" SiC

wafer was etched, the oxygen concentration was depleted along the direction of Flow. Thus, the etching

of SiC was dominated by the mass-transfer process and the etch rate of the wafer edge close to tile gas

inlet was faster than the edge close to the exhaust outlet (center). In tile high oxygen concentration case,

tile 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 tile limiting step. The oxygen has a strong effect oi, the remoal 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
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Fig. 5 SiC etching phenomena by different gases and composition of oxygen at 200W, 20sccrn,

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 ---> SiF 4  (1)

C +xO ---> (CO, CO2) (2)

SiC + xF + yO ---> SiF 4 l- (CO, CO2 ). (3)

In the reaction of (1), Si is removed mainly by reacting with fluorine to form volatile SiF4 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 SF/35%0 2 loading experiments. I lence, only



o\vCen is cO)Isidered in the carbon removal reaction (2) and the reaction obtweccn carbon and fliuorine is

suggested to occur at :' very low rate. Threfore, in the etching of SIC, 'a two-step etching process,

show, n in (3), is considered to be an appropriate etching model, wherein silicon and carbon atoms are

removed separately. Untder most conditions, the Si etch rate is higher than that of SiC This is due to

coiparatively higher removal rate of Si atoms than C atoms. As a result, a carbon-rich surface is

forrit.d on he SiC fill)) during etching, becoming a potentially rate-li miting step under ccrtiin

conditions. The C-rich surface has been verified by Auger electron spectroscopy (AIiS) and could be

reduced by increasing oxygen concentration and DC bias.

A carbon blocking modcl shown Fig. 6 (a) is proposed to understand the physical etching mechanism

iii reactive ion etching of SiC. In general, surface damage and inhibitor iecchanisms I 11, 121 have been

used to explain the aniso'ropic etching caused by ions in plasmia etching. The result of ion

borlibardiient caused by the pl:rnl-induced DC bias on the electrode carrying the samples will cause a

iliore directional etching and will remove surface inhibitors from the exposed region. In turn tiis wkill

gcnerate mre etching sites where material can be removed by chemica rcact i. I lowcvcr, ion

borrdardrnct is rtot effective at removing material from the sidewall (parallel to the ion direction).

1"ic cfore, a carbxmo-rich surface remains on the SiC sidewall re(ucinig the lateral etching, thus resulting

in a more highly an isotropic 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 phenomeron of the strong undercut

situation of Si substrate 11 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 riot result in SiC etching supports our carbon blocking model.
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Fig. 6 Carbon -block iig cnioel: (a) SiC anisotropic profile; (b) strong undetrcut of Si substrate situation



5. Summary

The SiC etch rate appears to be controlled by a combination of physical (D)C bias) and chlici (11tuorie

and oxygeni density) mc hanisms. A cross-over DC bias, -300V, appears to sepairate the r~gions of
chemical anid physical rate-limiting domination of the SIC etch rate. Chemical reaction mol and

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