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Transition between two states of surface coverage and etch rate
during Si etching in inductively coupled CI  ,—Ar plasmas
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The etch rate and surface SiCl and Si€bncentrations abruptly increase and the surface Si
concentration abruptly decreases as the chlorine fraction is increased above a threshold value during
Si etching by an inductively coupled £&1Ar mixture plasma. The surface species are detected by
laser desorption of the chlorinated adlayer using laser-induced fluorescence and plasma-induced
emission of the desorbed species. This threshold chlorine fraction is 75% for 80 eV average ion
energy, and increases with the average energy of ions incident on the surface. This unexpected
observation is attributed to a phase transition between two states of surface chlorination and
morphology. ©2003 American Institute of Physic§DOI: 10.1063/1.1585124

The density of surface adsorbates during plasma etchingred at 327.0 and 288.2 nm, corresponding to A8,
has usually been treated using simple Langmuir kinetics, as>X *A; and 4 *P9—3p? D, transitions’®
in describing the degree of surface chlorination during etch-  The first-order chlorination constants 70 @)% Cb)
ing of Si by chlorine plasmas? In contrast, there are many and 40 ms(75% C}), from SiCl LD—-LIF as a function of
instances in studying adsorption on well-prepared surfaceie laser repetition rate, indicate the laser desorbed regions
where such simple analysis is not possible due to a reconvere fully chlorinated between laser pulses at 2 pps.
struction that occurs to lower the surface enérdyAnalo- Figure 1 shows that for- 60 V bias, both the SiCl LD-
gous morphological and chemical changes to the surfack!F @nd SiCh LD—PIE signals increase with Ciraction and
have rarely been considered during plasma processing b8€ constant near 50%. Between 75% and 83%fh@ttion,
cause they were thought unimportant given the irregular na the SiCl LD—LIF intensity increases abruptly by a factor of
ture of the ion-bombarded surface. This letter reports that the_ 2.1 and the SiGILD-PIE signal increases by a factor of
surface chlorination and etch rate unexpectedly increase ¢ 1.3. Further increases in the dtaction cause negligible

abruptly and enter a different state of operation when in-

creasing the composition of £Ar mixtures during the in- otz | —x—sicL LD-PE |- .
ductively coupled plasmé@CP) etching of S{100) above a —=— SiCI LD-LIF ' R
threshold CJ fraction that depends on substrate bias. As L | —O—SiLD-PIE
such, this observation suggests such morphological change ¢ EwchRate 1830
are possible even with plasma-exposed surfaces. 7 0% -—3 >K—>K“ 1o =
The ICP reactor was operated in the inductively coupled’ | | E
mode with 18 mTorr pressure and rf power delivered to the.s - 200 E
coil (500 W, 13.56 MHz The rf power delivered to the E‘L 0.04 - / ) =3 '150 ‘g
substrate holder was varied to tune the substrate bias. Th; 1 &
Si(100 substrate was well bonded to the water-cooled § 4 100 §
holder. The surface coverage of chlorine was measured withS o.00 | O H
the laser desorptiofLD) surface probéXeCl laser, 308 nm, ' F— / 1%
20 ns pulse length, 36 mJ/pulse, 2 ppm tandem with I 18 mTorr, 500 W, -60 V Jdo
plasma-induced emissiai?IE) detection of desorbed SiCl b 2'0 - o 8'0 Q2 1(')0

and Si and laser induced fluorescericH) detection of de-
sorbed SiCl° SiCl LD-LIF was excited by the same 308
nm laser and detected at 292.4 nm, b&RX , —X?Il; [ 1. Sicl LD-LIF and SiGl and Si LD—PIE intensities at 292.4, 327.0,

transitions”® The SiCh and Si LD—PIE signals were moni- and 288.2 nm, respectively, and etch rates vsfeiction in an 18 mTorr
Cl,—Ar plasma(500 W rf power,—60 V bias, 36 mJ/pulse, and 2 pps
LD-PIE measures the transient change in PIE and so can be negative, as for

¥Electronic mail: iph1@columbia.edu the 92% Si LD-PIE datum point.

% Cl,
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ey L S WA | =TI'ifsic, Y, wherel'; is the ion flux to the wafer and is
2 e @ (@ DD' : 4 (b) 1000 the Si atom sputter yield per incident iof,cn; T, where
g * 2 - f;z , ) n; is the ion density andl, the electron temperature,
= sl 0 oofo ] °;§ Cl#/Ne ﬁl* o3 30 = %Pyen/VTe, Where Pgep is the deposited rf powerY
\E t . 50 70 80 50 100 ] g *\Vp—Vpias Where the plasma potential,~5T.. The
gL o%e | of oo E yield is expected to be different for different types of surface
8 e ®0 0 3 O t % coverage, e.g., SiCl vs SiCl The coverag&sic; depends
é sl ® t 1 i Lo § on the number of sites available, which dependd gnthe
Ao 7 ] e chlorine fluxI'g, the final average ion speedyV,— Vs
3 I A ] K and other factors. Overall, the change in ER :ﬂ@@x could
g o' £ B T I s ° 1 be due to changes im, T., Pgyep, Or other parameters that
2 t 8 ' | change the density or types of surface chlorination sites.
Ty o w0 w80 100" Abrupt changes i (andV,) and in the Cl, Cf, and
% Cl, Ar" densities with mixture concentration were not seen in

previous studies where the etch rate was negligibikicon
dioxide atop Siin this'>*3and othel* reactors; they do not
occur during etching here, as confirmed by the measurements
in Fig. 2(b) of Ar*, CI*, Ar** (not shown, and CI"* emis-

sion intensities(the last normalized by Neemission acti-
nometry. (A 5% rare gas mixture was added for this last

change in either signal. The Si LD—PIE intensity decrease§'¢asurement, which did not change the observed abrupt
by a factor of=2 as the GJ fraction is increased from 30% changes.Given this and that each plasma parameter is only

to 50%, is fairly constant up to 75% fraction, and then de-Weakly affected by substrate bias, no sudden chang&s in
creases suddenly to negligible values for larger fractions. Thée €xpected. To account for the change in the ER at the
etch rate(ER) increases slowly with increasing Oraction, transition solely by increased ion speed to the surface would
and then abruptly increases at 75% fraction. requireV, to increase by an unreasonably high 15170 V)
Figure 2a) shows the abrupt increase in Si@D—PIE caused by an impossible increaseTinby 30 eV(14 eV) for
intensity occurs at a Glfraction that increases with ion en- 60 V (100 V) substrate bias. Any sudden change in the re-
ergy, respectively at-39%, 75%, and 83% Gffractions for combination rate of the walls would have been indicated by
substrate biases of 20, — 60, and— 100V, corresponding & change in Cl emission in Fig. &). There is no optical
to average ion energies ef40, 80, and 120 eV. Figure( emission at 844.6 nm from O atoms, so large pressures of
shows the abrupt change in etch rate versysi@ttion also ~ OXxygen impurities that could change SiCl LD-LIF and R
for —100 V. No hysteresis was noted, which is expectecBre unimportant. Lack of hysteresis rules out systematic ef-
since many |ayers are etched between measurements. fects due to plasma heating of the well-cooled substrate.
Transitions between multiple plasma processing modes This two-state behavior of ER ankic; appears to be
have been seen previously between the inductively coupledue to a change in surface morphology and composition. On
and capacitively coupled modes of ICP operation and bea local basis it may parallel the adsorbate repulsive interac-
tween competing etching and deposition of adlay®fd. tion in the adsorption and thermal etching of éh S(1003#
Neither occurs here since the reactor operates at rf poweend B, on Si(100).>° Steric interaction$ between SiH and
way above the ICP mode transition and competition betweesiH, (SiBr and SiBp) adsorbates lead to reconstructions
deposition and etching, while occurring in several fluorocarcausing the coverage of Sit$iBr) to abruptly decrease and
bon plasmas, does not occur in these chlorine plasmas. Ti&iH, (SiBr,) to abruptly increase. Comparable studies for Cl
plasma operates stably in the inductive mode, with net radsorption on Si(100(2x1)° show that the Si surface
power, P Pincident Prefiectes 500 W, far above the maintains its (2 1) reconstruction and is, as such, only cov-
threshold for pure Ar {200 W) and CJ (~300 W). There ered by SiCl species and steric interactions are small.
was no observed change Meecied Pincigent at the transition, The crystallinity and flatness of the initial (300 sur-
indicating no abrupt changes in plasma dynamics. face is greatly changed due to the bombardment by 40—120
Since the SiGl LD—PIE intensity depends on SiGtov- eV ions. The layers near the surface are more amorphous
eragefsici, (and fsic), to a lesser extent fsic;, increases than crystalline and they are rough with crevi¢é® SiCl,
abruptly above the observed threshbldikewise, since the and SiC} are on the plasma-treated surface and there might
SiCl LD-LIF intensity monitors desorbed SiCl possibly be steric interactions between neighboring Si&=2) that
from both surface SiCl and laser-induced dissociation of sureould interact locally in a way similar to the more global
face SiC}, a sudden increase ifigc and/oresig2 is pos-  reconstruction on well-prepared surfaces. An increase in ion
sible. The decrease in Si LD—PIE likely reflects a decrease ienergy is known to increase the number of surface $tes,
desorbed Si, due to a decreasa&lior possiblyfgic (if the  which is consistent with the observed increase in threshold
SiCl LD—-LIF is due mostly to adsorbed SiJl chlorine fraction with increasing bias.
In Cl,—Ar ICPs operating in the inductively coupled The kinetics of this transition are modeled by the steady-
(H-, bright-) mode, chlorination is mainly due to Cl atoms state solutions to the rate equations interrelating the surface

and sputtering is due to Cland Ar". The Si etch rate ER coverages of Si, SiCl, and SiCfor a total density of sites
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FIG. 2. (a) SiCl, LD—PIE intensity at 327.0 nm vs Clfraction and sub-
strate bias 20, —60, and—100 V); (b) etch rate vs Gl fraction and
substrate bias-{ 60 and— 100 V), inset of Af (750.4 nm and CF (822.2
nm) emission intensity, and that of €1 (482.0 nm normalized by that of
Ne* (585.2 nm.
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' " ' ' T ' ' " ' Such an abrupt increase #;c,, would cause the ob-
served abrupt increase in the SICID—-PIE. The predicted
decrease irfg;c) could be consistent with the SiCl LD—LIF
i data in Fig. 1, since the SiCl LD—LIF signal originates from
both adsorbed SiCl and SiCl The desorption energy for
SiCl from a chlorinated surface is-6.1 eV Given the
smaller desorption energy of SiCl3.4 eV, and SiCI-CI
bond energy~4.6 eV ?* desorption of SiGl to give SiCl,
4 and C}gy would require more energy; 8.0 eV, unless the Cl
returns to the surface, and then the energy required would be
4-5 eV?! The observed sudden decrease in the Si LD-PIE
intensity would also be predicted by the model by including
the expected decrease f,, after such a reconstructidf.
- Qualitatively similar abrupt increases in surface chlorination
! . ! . L . ! . ! are seen when including SiClon the surface and
0 1x10" 2x10" 3x10"® 4x10™® SiCl;— SiCk repulsion. This smaller desorption energy of the

Cl Flux (Cm—zs—l) more.chlorinated ad.sorbatﬁ'SiC|3_< Ed,SiCI2_< Ed’SiC2| also
explains the concomitant sudden increase in etch’fate.
FIG. 3. Surface coverage of Si, SiCl, and SiChs a function of Cl atom A phase transition between two states of surface chlori-
flux to_the_surface during Si etching in ICPGIAr plasmas, as determined nation and etch rate during Si etching in,€Ar mixtures is
by a kinetics model. .

observed that appears to be due to a change in surface mor-
phology and bonding. This phenomenon may be more

broral; the coverage of SiGlis ignored for now. Itis assumed widely important in plasma processing than previously
thatI‘i is independent of chlorine fraction and the Sputtenngthought and may be of genera| importance in the etching,
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rates of CI' and Ar" are about the same: even thermal etching, of rough surfaces.
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