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Spatially resolved optical emission study of sputtering in reactive plasmas
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The study of material sputtering under low-pressure reactive ion etching conditions in various gases
(Cl,, SiCl,, 0O,) was performed using optical emission spectroscopy with high spatial resolution.
Sputtering-induced secondary photon emisgaiomic and moleculafrom the processed materials

(Si, Al,O;, GaAs was found to be strongly localized near the target surface. A spatial distribution
of atomic line emission intensity was shown to be essentially nonmonotonical with distance from
the surface. This effect was explained by a cascade feeding from the upper lying atomic levels,
which is enhanced in plasm@ollisional) environment. A simplified model accounting for the
cascading has been developed, and velocities of sputtered excited @othe range of 2—7

x 10° cm/9 and moleculegabout 2—5<10° cm/s have been evaluated from the emission spatial
decay parameters. The excited sputtered atoms and molecules are produced in different types of
collisions. Fast excited atoms can be produced only in the first few collisions of the incident ion in
the surface top layers, whereas excited molecules are knocked off by secdskbavy atoms
originated from a collision cascade inside the solid. Based on this concept of the process, simple
expressions for atomic and molecular excitation yields as functions of the incident ion flux and
surface coverage were deduced. The technique can be usaeditorsurface probing during plasma
processing. ©1998 American Vacuum Socief$s0734-210098)02002-§

I. INTRODUCTION about 2—-5<10° cm/s>® they leave the surface deexcited.

The two major domains in a low-pressure radio-frequenc;};xcned sputtere_d_moleculgs may be pr.oduce.d.only In rela-
(rf) discharge are the actuddulk) plasma, where most of the tlvelly soft I.ii;ollllsmn;, Wh'.le n Senerrg]]etlc 'cpllls:cons moI'-
gas excitation and dissociation takes place, and the plasnficul€s are likely to dissoclate. So, the origin of sputtering-
sheaths, the space-charge regions between the plasma dﬂguced optical emission appears to be essentially different
the electroded? In the sheath region, the positive ions pro- 107 atoms and molecules. _
duced in the plasma are accelerated towards the electrode by 1he effect of excitation of sputtered particles was exten-
the sheath dc self-bias potential. Bombardment of the targetVe!Y investigated in beam sputtering experiments, typically
surface by energetic ions is known to play an important rol*€rformed at high ion-beam energies-10 keV)."= In
in plasma processinf? but the kinetics of many surface pro- Plasma processing, much lower ion energies are applied.
cesses under ion bombardment are not yet well understood?robably, this is the main reason that only a few observations

Optical emission spectroscog@ES is a useful tool for ~Of sputtering-induced emission from processed materials in
the study of reactive plasmas and plasma—surfackactive plasmas have been reported sdfdr:Moreover, in

interaction$* In OES studies, emission from the bulk Many cases this emission was attributed not to direct excita-
plasma (plasma-induced emissipris commonly detected. tion of particles during sputtering but to their subsequent
However, observations of emission spectra from the sheat®xcitation in plasma&’*” In this study, the fluxes of sput-
area(with a proper spatial resolutiprean provide valuable tered excited atoms and molecules were found to be strong
information hardly accessible with other diagnostics. In parenough even at low discharge power, with bombarding ion
ticular, detection of spectra emitted by excited particlesenergiegapproximately equal to the dc self-bias potential at
ejected from the target surface as a result of material sputhe powered electrodes low as 100 eV. This indicates that
tering by energetic ions, can give an insight into the kineticdn reactive plasma environments not only the sputtering
of surface processes in the reactive plasma—surface interayield, but also the excitation yield of sputtered particles is
tion. It appears that only a small fractior-(L0”%“—10"%) of  strongly enhanced as compared with the case of physical
the faster atoms produced in the first few collisions of thesputtering by nonreactive ion beams. It has been shown that
incident ion in the target, can leave the surface excitedwhereas some properties of the secondary photon emission
These atoms have mean velocities 10° cm/s and repre- may be common for beargtollisionless and plasmécolli-

sent the high-energy tail of the total sputtered fifxThe  siona) environments, there are important features peculiar to
main fraction of sputtered atom@roduced in a collision the latter. In particular, in the plasma case, light emission by
cascade inside the solichas mean velocities much less, sputtered atoms shows essentially nonmonotonical behavior
with distance from the target surface. Probably, similar ef-
dElectronic mail: stanisl@ifi.unicamp.br fects occur in laser plums formed near a target surface during
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Fic. 1. Experimental setup. D1 and D2, horizontal s{dg&aphragmg QL, 0 T T r . : . .
quartz lens; and PMT, photomultiplier tube. 0 5 10 15 20

Distance from surface (mm)

irradiation by high-fluence laser pulses, where maximum op- o o _
tical emission from sputteredjesorbebj target material is Fic. 2. Spatial distribution of emission in the sheath region,

. Cl,/Ar=6/1.5 sccm, 125 W, 0.5 Pa, aiij~eUy,~900 eV. Target: AIO;
also observed at some distance from the surface. electrode+Si wafer. Sheath thickness15 mm. Interelectrode gap 8 cm.

Based on the results of the study of reactive plasmas in-
teraction with various material&aAs, Si, AbO,), a simple
model has been developed that gives the relationships b@&m. The detection system was mounted on a movable plat-
tween the atomic and molecular excitation yields, etch rateform. Spatial distributions of the plasma emission were mea-

and surface conditions. sured by scanning of the platform in the vertical direction
with precision better than 1 mm. For measurements with
Il. EXPERIMENT higher spectral resolution a large 0.6-m monochromator

The schematic of the discharge chamber and diagnostigs'SpeCtraI resolution of about 0.2 fwas employed.

system is depicted in Fig. 1. The experimental setup is given
in detail elsewher&®2 A rf discharge(13.56 MH2 was run Il EXPERIMENTAL RESULTS
in a diode-type etcher in various gasgd,/Ar, SiCl,/Ar, A large number of species were identified in the emission
O,/Ar. Operational pressures, gas flow, and discharge powespectra including the main plasma spedigs Cl,, Cl,*, Cl,
were varied in the ranges of 0.1-1 Pa, 3-50 s¢standard O,", O, etc) and various etch products or their fragments
cubic centimeters per minyteand 10—400 W, respectively. (Si, Al, Ga, SiCl, AICI, etc).?’ The measured spatial distri-
The top electrode was electrically connected with the chambutions of light emission from the main plasma species and
ber walls. In a highly asymmetric rf discharge used for reacthose originated from the processed material were found to
tive ion etching(RIE) processes, the dc potential difference be essentially different. Some examples of distributions ob-
between electrodesAU ., is known to be approximately served at different plasma conditions are presented in Figs.
equal to the voltage drop across the shdath, the sheath 2-6. The light emission of the species like Si, Al, and SiCl
self-bias potentiallg,) at the targefpowered electrode>  coming from the processed material is strongly localized
Under the present low-pressure conditions, a mean-free patiear the target surface, typically, within several millimeters.
for charge-transfer collisions is larger than the sheath thickFor most cases, maximum intensities were detected not ex-
ness which is, typically, in the range of 1-2 cm. Thus, theactly at the target surface as expectétf but at some dis-
measured valuesU 4.~ Ug, can be used to estimate roughly tance (typically, 2—3 mm above it. The emission by the
the maximum energies of plasma ions arriving at the powmain plasma species in the sheath is, typically, several times
ered electrodétarge} surface. Hereafter, we assume the en-less than in the bulk plasma and decreases rapidly at the
ergies of ions bombarding the target surface to be equal tplasma—sheath boundary.
the self-bias potential, i.eE;~eUg,. In most experiments, The SiCl molecular emissiofnear 281 nmclose to the
an AlLO; powered electrode partly covered by(E00) Si  Si target was observed for chlorine-containing plasii@ls
wafer (15 and 10 cm in diameter, respectivelyas utilized. and SiC}). In SiCl, dischargeqFig. 3), the SiCl emission
In some cases, smdll00) n-type GaAs samples were placed was stronger in the bulk plasma, decreasing towards the elec-
on the wafer, and the GaAs etch rate was measured after thide. A similar behavior was observed for the Si€mis-
process. sion[continuum at 330 nngRefs. 20 and 29 indicating the
Light emission from the plasma was collected through asame origin of excited SiCl and SiQinolecules in this case
10 cm diam quartz window by a quartz lens. Two horizontal(most probably, electron impact dissociation of S)ClThe
slits were used for collimating of emission from a narrow Si atom line emission shows the essentially different spatial
area(1 mm height parallel to the electrode. A small 0.15-m profile, with a sharp peak near the surface followed by a fast
scanning monochromatgspectral resolution of about 1 nm decay. The intensity ratio for several selected Si lif&l,
was employed for spectra recording in the range of 200—-80@51, and 288 ninchanges with distance from the surface and
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Fic. 5. Spatial distribution of emission,,QAr=45/4.5 sccm, 50 W, 0.5 Pa,
Fic. 3. Spatial distribution of emission in the sheath region, and Ej~eUy~420eV. Target: AJO; electrode. Sheath thickness

SiCl,/Ar=10/10 sccm, 200 W, 1 Pa, aiij~eUg~1100 eV. Sheath thick- ~20 mm. Interelectrode gap 5 cm. Other conditions are the same as for Fig.
ness~ 15 mm. Other conditions are the same as for Fig. 2. 2.

only in the bulk plasma becomes constant. This clearly280.9 and 282.3 nrtB’'?A— X 211, transitiorf>?), near the
shows that the origin of the Si atom emission in the mainelectrode(within 1-2 mm the spectral maximum of emis-
plasma and near the electrode is different. In the mairsion was shifted to 280 nm with the smaller peak appearing
plasma under the present low-density, low-pressure condat 285 nm. This is likely due to rotationénd vibrational
tions, direct excitation from the ground state by electron im-excitation of molecules during their sputtering from the sur-
pact is the basic mechanism of formation of the observedace. The detailed consideration of this effect is presented
excited atomic states, with minor contribution from otherelsewheré> Strong rotational and vibrational excitation of
processes(like dissociative excitation or cascading from such molecules was reported in several wafké®

higher leveld). In contrast, the near-surface optical emission For the study of emission spectra in GaAs/RIE experi-
from sputtered target atoms involves essentially cascadinments, enhanced spectral resolution was needed because of
from highly excited atomic levelgsee Sec. IVB In Cl,  the small sizes of the samples:{ cn?) utilized. Measure-
dischargesFig. 2), the emission by Si atoms is much stron- ments performed using the large monochromateth a spa-

ger in the sheath than in the bulk plasma. The decay of th&al resolution of 3 mm show that the Ga atom emission
SiCl emission with distance from the surface in this d@lg¢  (basically, a strong Ga 417 nm linalso has maximum in-
plasma is always faster than that of Si atoms. It is necessaryensity near the target surface.

to note that while in the bulk plasm@&oth for Cl, and SiC}, The light signals emitted by various species were mea-
discharger SiCl molecules were found to emit basically at sured as a function of rf powdthe self-bias potentiaboth

T ¥ T T T T T T T

300 target: Al,O, electrode + Si wafer A/ 4 304 target: SiO, electrode ]

R 0, 1Pa, 125 W, 700V 0,, 0.5 Pa, 50 W, 400 V
T ‘\ --0-- Al 309 nm —_ -0 8i 251 nm
. 1!%  --o--Al396nm £ 2] —o— OH 306 nm A
2 LY —a—0,560nm / S ° --a-- 0" 560 nm (x0.1
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Fic. 4. Spatial distribution of emission in the sheath region, &6 sccm, Fic. 6. Spatial distribution of emission in the sheath regios,4% sccm, 50
125 W, 1 PaE;~eUy~700 eV. Sheath thickness20 mm. Other condi- W, 0.5 Pa, andg;~U~400 eV. Target: SiQelectrode. Sheath thickness
tions are the same as for Fig. 2. ~23 mm. Other conditions are the same as for Fig. 2.
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TaBLE |. Dependence of emission intensiti@b. unitg in the sheath and in the bulk plasma on rf powsslf-bias potential Emission was collected from
the regions centered at2 mm (sh) and ~20 mm (pl.) above the target, respectively, with a spatial resolution of 3 mm. Process conditions:
Cl,/Ar=6/1.5 sccm, and gas pressure 0.5 Pa. TarggDAblectrode-Si wafer GaAs sample $goa=1 cnt).

Si SiCl Al AICI Ga GacCl Ar Cl, Cl,*
251 nm 281 nm 396 nm 261 nm 417 nm 338 nm 419 nm 256 nm 449 nm
P, Ugp,
W Y sh. pl. sh. pl. sh. sh. sh. pl. sh. pl. sh. pl. pl. sh. pl.
20 180 0.35 2.5 0.2 1.0 3.1 1.1 2.5 7.0 1.3 5.0 2.0 85 5.0 0.8 33
50 420 1.2 7.9 1.8 3.4 5.8 15 4.5 26 2.3 12 3.3 10 8.5 1.2 4.3
80 600 1.9 8.7 4.8 4.3 12 3.0 12 28 5.6 16 2.3 12 6.0 0.9 2.8
125 900 2.8 11 10 5.0 32 8.5 . - . . 2.7 12 5.0 0.5 2.1

for the sheath(near the electrodeand the bulk plasma re- the chlorine content increases, the emission from sputtered
gions (Table ). The dependencies obtained are essentiallyexcited particles in the vicinity of the electrode rig@sble
different for the emission of the main plasma species and fol), indicating that their excitation yields depend essentially
the near-surface emission by particles ejected from the ta@n the surface coverage.

get. The GaAs etch rate and the near-surface Ga atom emi
sion also show the different behavior with rf pow@ig. 7).

At a high chlorine content in GIAr gas mixtures(50%—
80%), a square etch rate dependence was observed for
power up to 50 W. With further power rig¢he dashed part
of curve 1, Fig. @], the GaAs etch rate dropped off. The
fall of the etch rate with poweP>50 W is due to the high
flux of easily ionized impuritiesthe etch products from the
processed materjato the plasma, which cause a substantial
cooling of plasma electrorfd.The corresponding drop of the
light signals from the main plasma species likg @hd Cb*
from the bulk plasma can be seen in Table I. The Ga line
emission from the bulk plasma also shows correlation witt
the GaAs etch rate, with the tendency to saturatePat
=50 W. At the same time, a fast rise of the Ga emission nea
the target surface is observeiig. 7(b)]. A fast rise of the
near-surface optical emission intensity with the self-bias po
tential (typically, faster than lineamwas observed for all par-
ticles originated from the target materidlgable |). At a low
chlorine content, with a reduced flux of etch products to the
plasma, the effect of plasma cooling by impurities was elimi-
nated. As the chlorine content in the gas mixture decrease
the etch rate dependence on power changes from square
linear[Fig. 7(a)].

In O, discharges, local maximums near the electrode sur
face were observed for light emission by O ato(Rf. 5
and OH molecule$A 23— X 2I1 transition, with a larger
peak at 306 nm and a smaller one at 281 (fefs. 23 and
30)]. Excited OH molecules likely originate from water mol-
ecules adsorbed on the electrode surface. The near-surfa
OH emission was detected both for,@8k and SiQ elec-
trodes. Figure 6 shows a spatial distribution of emission nea
the SiQ electrode.

The experiments carried out with varying gas flow rate

S-

800 4 ) -
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1 C'2 -10% \ /
’E 6004 2 (:|2 - 80% a\ P -
E o
-~
E 400- |
[)] 1 )
e 1 A o
S0y S P -
5 ...........
m A" -4
0 : , | | |
0 20 40 A - -
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40 4 Ga;\s - é'/Af T : —
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@ 30- |
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3 ] --o-Gadt7nm o .
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8 204 - C1,256nm -
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172
[ =4
B e A
E 10 4 T |
G T . |
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(b) o 20 40 " " -
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show that while the emission by the main plasma compo¥ic. 7. Data on the GaAs RIE in ¢lAr, total pressure 1 Pda) GaAs etch
rate vs discharge power; 1, ZAr=1/9 sccm; and 2, GIAr=32/8 sccm.
b) Emission intensities vs discharge power, Br=32/8 sccm. Emission
as collected from the regions centered~a2 mm (sheath and ~20 mm
emission from sputtered particles changes only slightly. Agplasma above the target, respectively, with spatial resolution of 3 mm.

nents(as well as that of etch products in the bulk plagisa
considerably affected by the flow rate, the near-surface lig

JVST A - Vacuum, Surfaces, and Films
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TaBLE Il. Dependence of emission intensitiéarb. unit$ in the sheath on chlorine content in,CAr gas
mixture. Emission was collected from the region centere@ 2tmm above the target, with a spatial resolution
of 3 mm. Process conditions: total flux 7.5 sccm, rf power 50 W, and gas pressure 0.5 Pa. Tg@et: Al
electrode-Si wafer+ GaAs sample $gaa=1 cnr).

[CLJ[Cl+Ar], Usp, Si sicl Al AlCI Ga GaCl
% \% 251 nm 281 nm 396 nm 261 nm 417 nm 338 nm
20 480 0.6 0.6 4.6 1.7 1.1 15
50 440 1.0 1.4 5.1 15 3.0 2.2
80 400 1.2 1.8 5.8 15 4.5 2.3
IV. DISCUSSION collisional cascade in the substrate material have energies of

several eV, which correspond to the velocities of 2-5
X 10° cm/s. Hence, the majority of sputtered atofns., the
The effect of a secondary photon emission induced by ioslow ones, produced in a collision cascad®y undergo the
impact is well known from beam sputtering experiments.  deexcitation electron exchange process with the solid sur-
In that case, electronically excited particles are producegqce. The faster atoms can be produced only in the first few
during sputtering by energetic ions bombarding a target. Irxollisions of the ion with the target atoms. The excitation
plasma experiments, this kind of emission localized neagjield Y* for sputtered atoms is known to be strongly depen-
electrode surfaces was reported in a few wdfks’*'In  gent on surface conditions. Oxygen coverage usually en-
addition to excitation during sputtering, several other poshances the excitation yield. The pronounced effect of oxygen
sible mechanisms were discussed includiigexcitation re- (as well as nitrogencoverage was reported in Ref. 7 for
sulting from backscatterin¢fragmentation as wellof inci- sputtering of Be. In the case of GaAs sputtering by a 10 keV
dent ions upon collisions with the surfateii) excitation by Ar* beam®3 the intensity of the secondary Ga atom emission
;econdary elec.tro_ns emitted from the surface under irradiag s found to be in proportion to the oxygen coverage. This
tion by energetic ions or phOto',J'%’gz and subsequently, ac- phenomenon was attributed to the formation of oxide tran-
celerated by the sheath potential; afit) thermalization of  gjent molecules in the surface, which can dissociate during
sputtered atoms due to elastic scattering on molecules of aputtering and produce excited atoms through the process of

ambient gas followed by excitation by plasma electrbhs. level crossing. Thus, we can consider the paranfetan Eq.
However, these mechanisms are likely of little importance(l) as surface coverage dependent

under the present conditions. Contribution of excitation dur- A distribution of excited levels population for fast sput-

ir_lg backscatterin_g[fragmer_ltatiom was shown to be Suiﬁ' tered atoms generally is not known. In beam experiments,
C|en_t OT"V at relatively low ion energidiess than 100 e)ﬁ_ population of highly excited levels of sputtered atoms is
Excitation by secondary electrons should result also in enéommonly assumed to decrease rapidly with the level
lhsn(z;men(tj(x I'%ht emission lfron|1 the kmam plasbma Spgcf'eﬁnergy? The initial population of excited levels can be de-
tlhe zanf r\ owelverl,:.no c;ca?’ pea S;E\.Nef othservel Olscribed in terms of the effective excitation temperature,
them (see, for example, 19S. 2, 5, angl inally, thermal- — \ynich depends on the incident ion energy and can be esti-
ization of sputtered atoms, which may be important at highe ated to be as small as 0.1-0.5 eV for ion energies as large
pressures, should result in essentially broad distributions g s 10-80 keV.However, in a collisionless environmefthe
the near-surface light emission, in contrast to that observe ensity of ioné ina bea1m is very lowrelaxation of highly
g, E|gs_. 2 and)3 L excited levels can be realized only through the radiative de-
Excitation of sputtered atoms during ion bombardment

was studied basically for the case of metal sputterin icay, which is very slow for long-wavelength transitids.
. _11y P 9 nl'herefore, the initial excitation of high levels is unlikely to
beam experiments:!! It was shown that only a small frac-

. . affect the observed secondary photon emission in beam ex-
tion of the faster atoms can leave the surface excited. The ~ oo .

. ) . . : periments. Thus, the contribution of a cascade feeding from
probability that an atom in thg¢-excited level will not un-

. T I high- to low-lying levels is generally not consideréhis is
dergo one of the possible radiationless deexcitation electron® .~ .. o

. . L also justified by the fact that the measured spatial distribu-
exchange processes with the solid surfaesonance ioniza-

tion, Auger deexcitation is given by the so-called survival t|pns of second_ary emission |nten3|ty,. typlically, show a
factor” simple exponentiailmonotonical decay with distance from

_ _ the surface given by a simple expressioh (x)
PL=exp —Allv,), 1) ~exp(—x/A), wherex is the distance from the surfaca,
=y, 7 is the emission decay length, is the atom velocity
vm=[(2E1/M2)4M1M2/(My+M;)?]°%, (2) component normal to the surface, ands the excited level
whereu , is the maximum velocity that can be obtained by alifetime 219 Note that even for relatively high ion energies
target atom of mashl, in a collision with an ion of mashk! ; (~10 keV) the measured decay lengths were as small as 1-2
and energyE,, and the parametepl is in the order of mm&!°-12whereas in our experiments at much lower ion
10’ cm/s. Most of the sputtered atoms produced during @nergies €1 keV) the higher values of decay lengttgpi-

A. Origin of secondary photon emission
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) 0 .
3 -1 ’ -1 3///// 4—1

Ts,z Ts,z T~ 74,2
2 v T - 2 3,2 2
3,1
-1 -1 -1
T2,1 T2,1 T2,1

a b c

Fic. 8. Simplified schemes of the atomic levels contributing to the observed transitidn 2, higher levels decay only to level 2; b, higher levels decay both
to levels 2 and 1; and c, two groups of higher lev@sand 4 decay to level 2 with different rates.

cally, 3—4 mm were observed. Besides, in our case theN,(0)<N5(0), N,(0). Starting from the population equa-
maximum emission is observed at some distance above thmns for the levels under consideratiéin particular, for the
surface(see, for example, Figs. 2, 3, ang Bhese facts give case a, these equations can be written adN;/dt
evidence that under the present conditions efficient excitatioms —N3/735, dN,/dt=Ngz/73,—Ny/751, and XZN(t)

of many upper-lying atom levels during sputtering takes=N3(0), whereNy is the population of thé& level), one can
place, so that cascade repopulatiéeeding from high- to  readily obtain the following solutions fd¥,(t) in the three-

low-lying levels should be taken into account. level schemdcases a and b, Fig,):8
In a reactive plasma environment, the process of surface
sputtering by energetic ions has several distinctive features. N3(0) 7 ¢ ¢
First, the surface is normally covered by chemisorbed radi- Ny(t)= s el exp{ -— —exp( - —) 3
cals, which form a top layer rich in intermediate etch prod- 73T 721 3 T21

ucts weakly bound to the surface. lon bombardment results
in chemically enhanced sputtering, which is known to bewherer; is the effective lifetime of level 3, which is equal to
much more efficient than physical sputtering. Besides, onéi) 735, for case a, onii) 73,73,/(73% 731 (i.€., deter-
can suppose that the atomic excitation yield can also benined by the smallest of the times ; and 73 ,), for case b.
strongly enhanced under high coverage conditions since Bor case c, the solution can be obtained by summing of ex-
large part of atoms sputtered from the surface top layer mapressions like that in the right side of E) over two dis-
be previously in a molecular form. Second, under plasmdinguished channels of feeding¥,(t)=Z=; -4 3Nk (1),
conditions the population of excited levels of sputtered atwith the relative contribution of the feeding rate from the
oms can be perturbed by electric fields and collisions in théo level 2 determined by the teri(0)/7y,. In Eq.(3), the
sheath region, causing enhanced radiationless relaxation ufitial population of level 2 can be taken into account by
highly excited levels, and eventually, the increased intensityadding the termN,(0)exp(-t/z, ;). From the solution for
of the observed emission. N,(t), the temporal dependence of the observed?tran-
sition intensity can be obtained* (t)<N,(t)/7,,, as well
as the corresponding spatial emission profil¢x), where

In order to estimate the effect of cascading, a simplifiedx=vt. Here, we ignore the angular distribution of the ex-
scheme of levels can be considered. In this scheme, the uppeited sputtered atomsi.e., v~wv ), since the survival factor
levels are grouped into one or two levels decaying with somelecreases  rapidly  with  ejection angle8 as
average relaxation rate through the lower ones. Several posxp(—Al/v,,, cosp). The solutions obtained show a nonmono-
sible three- and four-level schemes are depicted in Fig. &onical behavior of the emission in tinfand in spackg with
where 1 and 2 are the lower and upper levels of the observealfast rise followed by a slow decawith the time scales; ;
transition, 7; & are the rates of decay fromto k level, and  and 3, respectively like that observed in our experiments
7,13 733, T43. In this consideration, the initial population (e.g., Fig. 3. Note that now(the plasma environmenthe
(t=0) of level 2 will be neglected in comparison with the emission decay length is determined mostly by the value of
subsequent repopulation from the higher levels 3 and 4, i.ez3, the effective lifetime of level 3, i.e.A,=v, 753. The

B. Model of cascade feeding
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TaBLE Ill. Velocities and kinetic energies of excited sputtered atoms in
surface bulk

various plasma conditions as derived using Egsand (4). layer material
Pressure, P,  Ug,, v, Exin N
Gas Target Pa w \Y 1Fcm/s eV
0, Al,O; 10 125 700  2.8Al) 110 I
AlL,O, 1.0 50 440 2.0Al) 55 Q= 3
O, /Ar Al,04 0.5 50 420 3.00) 75 1 N
Cl,/Ar Al,O5 05 125 900 6.0Al) 500
Si 7.0(S) 730
Si 0.5 50 420 3.4S) 130 II - 3
SiCl,/Ar  Al,O, 1.0 200 1100 4.8Al) 280 o
i 7.0(S) 7
Si 0(Si) 30 i . % L, /
2
value of A, can be obtained from the logarithmic plot of the Yy o N 3
emission intensity profilé* (x). The time(and position of 1 \ //

peak emission by the-21 transition can be found from the

conditiondN3/dt=0 as
Fic. 9. Main mechanisms involved in ion-induced sputtering of surface

Xpeak~ 72,173 In 73 adsorbatesadapted from Ref. 35

Uy 737 T21  T21

The ratio Xpea/Ap depends only on the parametdr  mm. For excited sputtered OH molecules, the measured
=73/751 and does not depend om, Xpeal/Ap=INK/(K  emission decay length is about 4 mi®, discharge,
—1). Thus, from the measuretlea/Ap, the values oK and  y=450V, Fig. 6. Since the uppeA 23 state lifetime is
73 Can be determined, if2,1 is known. Fina”y, from thﬁp 0.7 ,LLS,30 this Corresponds tOUL%5X 105 cm/s and
value the mean velocity of sputtered excited atemgan be g, ~2 eV. This is in agreement with the data from the beam
estimated. Using this approach, the experimental data ogxperimen£® where small kinetic energies of 2—3 eV were
emission spatial distributions were analyzed. Data on excite¢hund for SiH and SiN sputtered excited molecules, without
level lifetimes from Ref. 33 were used. For example, in thesjgnificant variations with kinetic energy of incident ions
case of C} dischargerf power P=125W, Ug~900 V), for  (E;>1 keV). Therefore, the origin of excited sputtered mol-
sputtered excited Al atomsAl 309 nm line, ;=14  ecules is evidently different from that of atorfreost prob-
X107% 9) from the measured values of.u~2mm and aply, a knock-off by slow secondary target atoms produced
Ap~6 mm, the following values were derive®~7, 73 during a collision cascade of the primary ion in the taxget
~10""s, andv, ~6x10° cm/s E,~500eV). The de- Collisions with fast ions likely cause dissociation of surface
rived values of velocities and kinetic energies of excitedmolecules rather than their internal excitatfGie
sputtered atoms for various discharge conditions are pre-
sented in Table Ill. The velocities obtained are in the ranges, Excitation yields
of 2—7x10° cm/s. The corresponding kinetic energies . . ) L .
range from 50 to 700 eV they are comparable with the ki- Following Winters and S|gmur_1§f’, we can distinguish
netic energies of ions bombarding the targehich are ap- thr_ee main mechanisms tha’F dominate the ion-induced sput-
proximately equal to the self-bias potential, iE;~eU). €ring of surface adsorbatésig. 9): _

Note that for Q plasma, the observed near-surface oxygen (I) Direct knock-off con_tnbynon .due to direct transfer
atom emission may be due to both backscattering of molecu- of energy from the incident ioril) to the surface
lar ions Q" (followed by their neutralization and dissocia- atom(3), this mechanism is less effective in the case
tion) and sputtering of chemisorbed oxygen. of normal incidence. , ,

Unlike atoms, excited sputtered molecules do not show (1) Reflected ion contribution, sputtering by the primary
clear evidence of a cascade feeding from the upper electronic ion (1), reflected from the lattice atonig) after the
states, since a monotonical decay with distance from the tar- first few collisions.
get surface is typically observed for molecular secondary (I!I) Sputtered atom contribution due to the outward sec-
photon emissiorifor example, the SiCl emission in Fig).2 ondary flux of target atome2) caused by the ener-
For the near-surface SiCl emissi¢@l, discharge the mea- getic primary ion through the collisional cascade,
sured decay length slightly exceeds 1 mm, i.e., comparable which can subsequently knock off a surface atom or
with the present measurement accuracy. In this case, only the molecule(3).
upper limit for a molecular velocity can be estimated. It Let us consider possible contributions of these mecha-
gives the value ofy, <1.5x10° cm/s E,<1€eV) if the nisms to the excitation yield of sputtered particles. Through
emitting state iB’2A whose lifetime is 1us3* If the emit-  mechanisms | and I, fast recoil atoms are produced with
ting state is a nearly isoenerge®?> " (the lifetime is 10  energies comparable with those of incident igrmighly, in
ns), the emission decay length should be much less than the range of 10—%0eV), and a certain part of them can be

(4)

t peak—
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excited[see Eq(1)]. Mechanism Il is responsible for ejec- A —— ——r———rry
tion of slow recoil atoms and molecules. Secondary target 1.0
atoms produced in a collision cascade have energies of sev- T e
eral eV. This is enough to eject weakly bound surface-layer
molecules without dissociation, with a large fraction of them 0_% ] 1,7
being excited®3%3'The energy distribution of sputtered tar- Y
get atoms is known to depend only slightly on the energy of 054 y 1_ Par )
primary ionsE; ,%® thus, the excitation yield for recoil mol- ' V4 (A2-o.::x10cm/s)
ecules can be assumed to be dependenE;obasically as / (A=0 5;“1”07cm,s)
Su(E)) in the energy range of interest. Taking into account 3 p
thg differept origin of excited atoms and mqle(':ules,' we can (A=2.5x10"cm/s)
write the ion energy dependences of excitation yields, as 4P
follows: 0.0 L ey ——

1 10 100

YH(EN=I[S(E)+Si(EN PG, (5)

v (10°cm/s)

Ymol(Ei) = JiSu (Ej) 6, (6)
) . Fic. 10. Dependence of the survival factor on sputtered atom velocity at
where J; is the ion flux to the surface§, and S, are the different values o\ parameter, calculated using E@) for curves 1-3 and

sputtering yields for fast recoil atonfmechanisms | and)]  Ea.(7) for curve 4.
S, is the sputtering yield for slow recoil molecul@mecha-
nism Ill), and @ is the reactant surface coverage. Accounting

for the effect of cascading from higher atomic levels, in Eq.surface coveragé is determined by a balance between the
(5) we use the generalized definition of the survival factorincoming flux of reactive neutrals and the removal by ion
[the definition given by Eq(1) is valid for the particular case jmpact. Adsorption onto the surface goes as- @ as avail-

of negligible cascading able surface sites become fillesdl,(1— 6) = 7J; 6, wherel,
is the flux of reactive neutrals to the surfaegis the number
PIv=> {pr2exd —AX 0)/vm]}/ > Puz (7)  of surface sites cleared per ion impdit other words, the

number of reactive neutrals removed from the surface per
where the summation is made over the excited leketen- incident ior), ands is the sticking probability for a reactive
tributing to the observed transition-21, and py, is the  neutral arriving at a bare surface. Thus, the surface coverage
probability for an atom initially excited at the levielto relax  is given by
to the level 2. The parameté® is now considered to be B _1
dependent on the reactant surface coverdgésee Sec. 0=(1+ndi/sk) . ©)
IV A). It is consistent with the data presented in Table I, The value of the sputtering yieM(E;) is determined by the
where it can be seen that the increase of chlorine content ioomposition of partial sputtering yields for the variety of
the gas mixturdand likely the surface coverage by chlorine etch products existing at the surface. The dependence of the
leads to a considerable rise of sputtering-induced atomic opshemically enhanced sputtering yield on the incident ion en-
tical emission. In Eq(6) we assume that the surface densityergy is given byY(E;)<E", wherem is between 0.5 and
of molecules is proportional té. It should be noted that if 14! So, by measuring of the secondary photon emission in-
the higher levels have substantially different valuesAbf  tensity as a function of the incident ion ener¢gelf-bias
the resultingPC)(v) dependence differs from the single ex- potentia), information on the surface coverage can be ob-
ponential curvéFig. 10. However, if the difference between tainedin situ, which then can be used in modelitand con-
the particularA¥ values does not exceed 30%—40%, it ap-trol) of the etch rate, as well as for the study of surface
pears that the resulting dependence can be rather well dkinetics during plasma processing.
scribed by a single exponent with=Epk,2Ak/E Pk.2- An acceptable agreemefdt least, qualitativelyhas been
The surface coverage and the rate of material removdbund between the model presented and experimental data
(etch ratg in the Ch-based RIE process can be found using aavailable for different processing conditiofs®4% In the
simple ion—neutral synergy model based on Langmuir adease of reactive ion-beam etchidBIBE), the relationship
sorption kinetics®°In this model, the process is considered between the ion and reactive neutral fluxes to the surface is
as a chemically enhanced ion sputtering, and the etch rate given by J,,=qJ;, whereq is the mean number of halogen
assumed to be proportional to the incident ion flux and to theatoms in a molecular ion bombarding the substrate. THus,
surface coverage of the chemically assisting neutral species (1+ #7/sq) "1, and the dependence 6bn the incident ion
(spontaneous desorption is neglegtethus, the etch rate energy is dominated byy(E;). Since »=E;,* at low ion
can be expressed in the fofmuite similar to Eq(6)]: energies(where n/sq<1) the surface coverage is readily
_ saturated @~1). With further energy rise the coverage
R=JY(E)0lp, ®) begins to fall asEi_l. Calculations made using the model of
whereY(E;) is the chemically enhanced sputtering yield persputtering presented in Ref. 35 show that within the ion en-
incident ion andp is the target atom density. The steady-stateergy range of interes0.2—1 keV, the partial yieldsS, and
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S, decrease slowly an@®,, increases almost linearly with V. CONCLUSION

E;i. Then, from Eqs(6) and(8) it follows that the etch rate A portion of the flux of particles sputtered during plasma
and the molecular excitation yield first rise wiiq, but then  ion bombardment of a solid surface consists of electronically
tend to saturate at higher ion energiediend=E; %), if Jis  excited atoms and molecular fragments. These particles are
kept constant. Specifically, such a behavior was observed faf particular interest because they provide a unique opportu-
Al/CCl, and Si/Si RIBE with saturation of both etch rate nity of in situ monitoring of surface processes under plasma
and Y}, at E;>0.8 keV,'® and even the fall of the SiN sec- exposure. Based on the results of the spatially resolved OES
Ondary photon emission was observed at h|gher ion energigudy of atomic and molecular excitation yields, carried out
(E;>2keV) for Si/N, RIBEZ The dependence of the for various plasma conditions, a model of secondary photon
atomic excitation yield on the incident ion energy is more€mission induced by ion bombardment of the processed sur-
complicated due to variation of the survival factor, which fac€ has been developed. The process of production of ex-
depends both of; andAi(6). Since the parameteX is a cited partlcles_: during materlal sputtering is known from ion
function of 6, the maximum value o, (at the unity level beam-sputtering experiments. However, this process in plas-

can be achieved at different values Bf depending on the mas _d|ffers considerably from_thgt n be_am sputtering. For
. i 7 atomic secondary photon emission, which demonstrates a
surface coverage. With clean surfacés 10" cm/s), the

| fE di | keV ired for th nonmonotonical spatial distribution of emission intensity, a
values ofk; exceeding several kev are require orF € SUrcascade feeding from highly excited levels was shown to be
vival factor to be close to unity. In the case of considerabl

. : @mportant for the plasma cageollisional environment For

surface coverage, the effecti®é value can be several times molecules, no strong evidence of cascading was found. The

smaller]** so thatPg,,~1 can be achieved & <1KkeV. grigins of excited atoms and molecules were shown to be

Therefore, depending on surface conditions, a different begssentially different. Only a small fraction of fast sputtered

havior of the atomic excitation yield can be observed includ-atoms(with velocities 2—7 10° cm/s produced in the first

ing saturation aE;>0.8 keV (Ref. 16 or monotonical ris€  few collisions of the incident ion in the target can leave the

with E; up to several keV. surface excited. Excited sputtered molecules are knocked off
In contrast to RIBE, where the values §fandJ, are of  from the surfacgwith velocities 2—5<10° cm/9 by slow

the same order, in the RIE case, typically, the condition secondary atoms produced in a collision cascade of the pri-

<J, is fulfilled (with the only exception for the case of gas mary ion inside the solid. The model presented has been

mixtures strongly diluted by rare gases, whigrcan be con-  shown to be consistent with the experimental data available

siderably reducefl). Then, under RIE conditions the com- from different plasma processing experime®IE and

plete surface coveragedf 1) is readily achieved. For the RIBE). Further experiments are required for the model veri-

ion flux to the surface, a linear dependence on the dischargéation in a wider range of operational conditions.

power can be assumed, i.8;%P. SinceE;~eUg,, and the
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