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The surface during the etching of Si in a,@hductively-coupled plasméCP) was analyzed by

laser desorptiofLD), followed by detection of the desorbed species by monitoring the transient
changes by plasma-induced emissi®lE). Optical emission from Si, SiCl, Sigl and possibly

other species was detectiadsitu using this LD-PIE method as a function of rf power, substrate bias,
and pressure. The surface coverage of chlorine was determined by normalizing the LD-PIE signal
by either of two ways: by the electron density, as measured by microwave interferometry, or by
using the background PIE signal. Little change in surface coverage was observed as the ion density
was changed by varying the rf power supplied to the ICP, confirming the observation made using
laser-induced fluorescenéelF) detection(LD-LIF). The LD-PIE signal is related to the density of
species desorbed from the surface and subsequently excited by electrons. LD-PIE analysis of the
surface is more versatile than LD-LIF—sometimes it can detect the desorbed species while LD-LIF
cannot. Still, it requires calibration to account for the electron collision-induced excitation of the
laser-desorbed species. @00 American Vacuum Sociefs0734-210(100)00506-4

I. INTRODUCTION species can be detected by LD-LIF, it may not be the domi-
nant desorbing species and may not necessarily represent the
Probing the surface during plasma etching can providgurface conditions during plasma etching.
valuable information needed to understand the etching An alternative detection method entails monitoring the
mechanism, especially when the information obtained aboutansient change in plasma-induced emission due to the elec-
the surface is combined with the etching rate and diagnostickson excitation of the transiently altered densities of desorbed
of the plasma. Laser-induced thermal desorptidfD) has  species. This technique is termed laser desorption-plasma in-
been used to probe the surface during the etching of Si anduced emissionLD-PIE). The principles of this method
Ge in high density plasmas in a series of studiddn each ~ Were demonstrated in Ref. 1 and will be systematically ex-
case, laser desorbedlD) species were detected by laser- am?ned in th_is article. In the currt_ent _study,_LD-PIE f_rom _
induced fluorescend&IF). In the etching of Si by G| Siby ~ various gtomlc apd mqlecular species is monitored during Si
HBr, and Ge by G, respectively, SiCl, SiBr, and GeCl were etching in a C inductively coupled plasm&CP) reactor

both desorbed from the surface and optically excited by éind analyzed to see if this method can accurately examine

. . . the surface adlayer composition and thickness, and conse-
XeCl laser(308 nm to give an LD-LIF signal that is pro- quently serve as a useful alternative to LD-LIF. Energetic

portional to t.he_ ha_\logen coverage on the_ surfape. Howevebrocesses that are associated with LD-PIE, such as electron
LD-LIF has limitations. A desorbed species of interest may;mact excitation and dissociation, other collisions, and ra-
not be in resonance with the laser wavelength chosen fofjaiive decay of the excited species, are analyzed to interpret
desorption, so one laser LD-LIF cannot be used and a secofese emission signals. The versatility of LD-PIE stems from
laser has to be used to excite LIF. Even if a given species ifs ability to probe many desorbed species with only the one-
resonant with this second laser, others are likely not. Alsofixed-frequency laser used for desorption. The ability of high
species which can only fluoresce from levels that cannot benergy electrons to excite high energy levels and the ability
excited by electric—dipole allowed absorption from theof electrons to excite levels that are not accessible by single
ground state are not easily detected by LD-LIF, and if thephoton absorption are other advantages of LD-PIE over LD-
emitting levels are very high in energy very short wavelength-IF. A limitation of both LD-PIE and LD-LIF detection is

lasers may be needed to excite LIF. Furthermore, if only ondhat larger species are either difficult or impossible to detect
because of fast nonradiative decay.

dAuthor to whom correspondence should be addressed; electronic mail: Several different types of silicon chlorides are f_orme_d on
iphl@columbia.edu the surface and are sputtered from the surface during Si etch-
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ing in Cl, plasma$:>® Even though the mono-silicon chlo- €excited by plasma was monitored. Emission was collected by
ride appears to be the dominant component of the adfayer, @ 6 in. focal length lens and focused into a monochromator,
monitoring desorbing species other than SiCl may give @nd detected by a GaAs photomultiplier. This transient signal
more accurate assessment of the surface etching proce¥éas captured by a boxcar integrator which was triggered
There is no one-to-one correspondence between surface sgdnchronously by the laser pulse. The signal was averaged in
cies and the laser-desorbed species; it is not clear wheth#te boxcar integrator and recorded on a computer. The delay
SiCl, on the surface always or often desorbs as Sifilis ~ and gated times were first adjusted to obtain the optimum
difficult (or impossiblé to detect these other species by LIF. signal at the wavelength of each species that was monitored.
In Ref. 1, LD-LIF of SiCl was observed but none from SiCl At this optimum setting, the LD-PIE signal was measured as
was seen, due either to the lower sensitivity of detectingt function of plasma parameters such as rf power, substrate
SiCl, by LIF or the small amount of desorbing SjCIThe  bias voltage, and pressure. Transmission filters were used to
LD-PIE measurements presented here provide direct evieject scattered laser light.

dence of the desorption of higher chlorides $i@hd/or Measurements of the electron density, were needed to
SiCl,, as well as that of SiCl. While LD-PIE is more univer- interpret the LD-PIE signal. A microwave interferometer op-
sal than LD-LIF, it requires more calibration because theerating at a frequency of 94.8 GHz was used to measure the
probability of detecting desorbed species depends on plasnifie-integrated electron density of the plasma. The micro-
conditions. Furthermore, there may not be one-to-one relavave waveguide and horns were placed on either side of the
tionship between laser-desorbed species and emitting sp@uartz windows on opposing sides of the reactor. As the

cies. plasma was turned on and off, the phase change introduced
by the plasma was compared to that of the reference wave-
II. EXPERIMENTAL METHODS guide and the difference was recorded. This phase difference

was converted to the line-integrated electron density. An ap-

The ICP reactor, excimer laser, and signal detection OptICBroximate form for the spatial dependence of the electron

and electronics were described in detail in Refs. 3 and 4density can be determined from this line-integrated value by

This ICP reactor operates in the inductive or bright mode for _. e . . :
sing the positive ion density profile from Ref. 3, assumin
net rf power delivered to the ICP coit300W and in the Hsing POSIVE ! "y prof yming

charge neutrality in the bulk of the plasma and either a rela-
capacitive or dim mode for rf powers 300 W for a pure Gl g praty | . P !

discharge(Herein, the net rf power delivered to the coil will gﬁz I?W density of CI" or the same spatial variation af
be referred to as the rf powgrA Si (100) wafer (n type, cr

8-10() cm) was bonded to the sample holder using indium

and smaller samples of Si were mounted on top of this wafedll. EXPERIMENTAL RESULTS

Pulses from a XeCl excimer laséQuestek 2440, 308 nm,
~60 mJ/pulser~20 ns long pulseswere focused by a 50 cm
focal length quartz lens, and directed onto the sample at nor- A PIE spectrum during Si etching by the ddlasma is
mal incidence. The laser pulse heated the sample to indughown in Fig. 1. Strong, sharp emission features from atomic
thermal desorption of surface adsorbates and the subsequétitand Cl, and SiCB’ A—X 3, are seen. Broad emission
increase in the PIE intensity due to desorbing species that ateand heads from SigiA 'B;—X *A; near 330 nnf;*? and

A. Laser desorption

TaBLE |. Types of species monitored during Si etching by a @asma. PIE, but no LD-PIE, was seen from
Cl*, Cl5, and Cj* .

Upper level energy

Species N\ (nm) Transition Lifetime eV Detection

Si 251.4 4s53p9—3p? 3P, 16.7 n§ 4.9% LD-PIE

Si 288.2 4s1PJ—3p? 15, 5.3 ng 5.08 LD-PIE

SiCl 280.9 B'2A—X 211, 1 us 4.4 LD-PIE

sicl 292.4 B 23— X 21, 10 ng 4. LD-LIF

Sicl, 330 AlB, XA, 77 nd 3.76 LD-PIE

SiCl,

or AlB,—X 1A,

Si, 385.4 or 77 nis 3.22 LD-PIE

or H3S, —X3%)

SiCly

cl 837.6 § *Dyl—4s*P,l 36 nd 10.4 LD-PIE

Cl, 257.0 20— 1CI1,) 120 né 7.1 eV LD-PIE

Cly 450.5 A—X, ~1 us 2.75 eV LD-PIE
3Reference 17. 'Reference 8.
PReference 23. 9Reference 20.
°Reference 18. "Reference 21.
YReference 24. Reference 25.
°*Reference 19. IReference 22.

J. Vac. Sci. Technol. A, Vol. 18, No. 6, Nov /Dec 2000



2671 Choe et al.: Transient plasma-induced emission analysis 2671

plasma. For this measurement cycle, the overall trace has a
Si 1 “head and shoulders”-type profile. Similar measurements
were made in which the substrate bias voltage and pressure
K were varied during the run.

- To make sure that the PIE measured with 1-2 ms delay is
the true steady-state background PIE, this sigmaasured
while the laser pulses were striking the surfaees com-
pared to that measured with the laser blockedt still trig-
gering the boxcar that was set at the optimized delay time
(us range]. In both cases, the plasma was on with the same
rf power, substrate bias, and pressure. The intensities of the
two cases were almost exactly the same. This is reasonable
since desorbing species diffusel5 mm in~1 ms and out

of the ~1.6-mm-wide imaging region; the LD-PIE signal
clearly decays to the background steady-state PIE level in
several milliseconds. At the beginning and end of each run,
the laser scattering background level was measured by

Cl, 2(3y)—1(3l1,) near 256.7 nm can be observed. TheChanging the boxcar delay time to the same LsZetting as

emission band around 380 nm has been identified as beiffdf!fing the LD-PIE measurement with the chlorine gas still
due to Sj H3S, X33 71314 the sich AlB, XA, flowing but the plasma off. Since the “background PIE”
u g’

transition®®15 an unidentified band in Siglor to bands in Was measured with &1-2 ms delay, this background sig-
nal did not include a contribution from laser scatter. The net

both SiChL and SiCh.*® Weak emission lines from ¢l - HOHE )
around 450 nm and SiCA2S — X 2IT around 500 nm are LD-PIE signal, as plotted in Fig. 3, was obtained by subtract-

also observed. Table | lists these features, along with uppdPd the PIE background and laser scattering background
level radiative lifetime$"22and upper level energies of from the total “LD-PIE” peak. The typical run-to-run error
each®17-25 is shown in the lowest panel of Fig. 4.

Figure 2 shows the trace of the intensity of the S$iCl ~ These measurements were conducted for each of species

A1B,—X A, LD-PIE feature near 330 nm as the ICP WasIi:sted !n Table | by setting the monochromator at the corre-
repetitively turned on and offwith different rf power deliv-  SPonding PIE wavelength and the boxcar at the optimized
ered to the cojl During the plasma on period, the back- delay and gate Wld_th for that species. The optimized (_jelay
ground steady state PIE level was first measured by setting"d 9ate width varied for each species and were typically
the boxcar delay time te-1—2 ms. Then, the total emission ~ 2 and ~5-9us, respectively. LD-PIE signals for the
signal (LD-PIE plus steady-state PIE plus background lasegmaller molecglar or atomic SpGCIéSI or SiC) were _Iarge
scattey was measured by setting the boxcar delay time to théor ~5 48, while for the heavier molecular specie&iCl)
optimized time(usually in the severaks range, and equal to these were large for~9 us. This indicates the mass-

2 us in Fig. 2 while the plasma was still on and laser pu|sesdependent speed of species desorbing with similar kinetic
were striking the surface. Finally, the background steady€nergies during the LITD, as is typically observed during
state PIE was measured again by switching the boxcar sefime-of-flight/mass spectrometry measurements of desorbing

ting to 1—2 ms for several laser pulses before turning off theSPecies.
LD-PIE was detected for Si, SiCl, and SjChnd possibly

Si, or SiCk (the 385.4 nm transition Within the limit of

3r SicCl

Cl

PIE INT (ARB. UNITS)

0 L i : | ! | L i L | L | 1
200 300 400 500 600 700 800 900

WAVELENGTH (nm)

Fic. 1. PIE spectrum during Si etching by the,@lasma(18 mTorr C,
500 W rf power,—40 V substrate bias

25— — detection, LD-PIE signals from GB37.6 nm, Cl, (257 nm)
and Ck (450.5 nm were not observed. LD-PIE could not be
@ 20F RF POWER (M) . seen at the SiCl 292.4 nm line used for LD-LIF in Refs. 1-3
z 485 393 578 350 615 485 (after the LIF signal had decayedReference 1 suggested
g 15 . that either the nearly isoenergetic, stronger optical transition
< LD-PIE B 23 "X 211, is not strongly favored in electron-impact ex-
Z 10F . citation, or thatB’ 2A emission is a result of the electron-
e L ] impact dissociation of SiGl LD-PIE was, however, ob-
3 o5k N fase} seater served at the SiOB’ 2A— X 23, transition at 280.9 nm.
. The open circles and dashed line fits to the eye in Figs. 3,
L ———,————.—— 4, and 5 respectively show the rf powgaright mode only,
0 100 200 300 400 500 600 700

substrate bias, and pressure dependencies of the net LD-PIE

TIME (sec) signals from Si (251.4 nm, Si* (288.2 nm, SiCF (280.9

Fic. 2. Trace of the intensity of the SiCA !B,—X 'A; LD-PIE feature
near 330 nm as the ICP was repetitively turned on andvath different rf
power delivered to the cgi18 mTorr Ch, —20 V substrate bigs

JVST A - Vacuum, Surfaces, and Films

nm), SiCE (330 nm), and S§/SiCE/SiCl; (385.4 nm. The
variations with rf power and pressure are roughly the same
for most species, but the variations with bias are somewhat
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Fic. 4. Variation of the net LD-PIE sign&bpen circlegat five wavelengths
vs substrate biagright mode only (18 mTorr Cb, 500 W rf powey. Also
shown for the 330 nm signal onl§BiCl5) is the LD-PIE signal normalized
by the ratio of the the background SICPIE signal to the etch rat@or-
malization approach No. 2, open squard=or reference, a fit to the varia-
tion of SiCl LIF at 292.4 nm vs bias from Ref. 3 is also plotted.

Fic. 3. Variation of the net LD-PIE signabpen circlegat five wavelengths
vs rf power(bright mode only (18 mTorr Cb, —20 V substrate biasAlso
shown is the LD-PIE signal normalized by the electron densitynormal-
ization approach No. 1, closed circleand, for the 330 nm signal only
(SiCl), the LD-PIE signal normalized by the ratio of the background SiCl
PIE signal to the etch rat@ormalization approach No. 2, open squares

different. The LD-PIE signals of most species are relativelyiaesr:tgrr%bfetdg vRv;]:érSi,stg? )Petili(seilseglrsoon ?s{;:gyi’nlr;ithefs
independent of pressure. Note that each LD-PIE signal in; e/ b 9 5.

creases rapidly with rf power, whereas the SiCl LD-LIF sig—WhIIe the Langmuir probe was 1.8 in. b_elow the top window
o . . above the center of the wafer, the microwave horns were
nal was seen to vary littléf at all) with rf power in Refs. 2

and 3 placed 1.5 or 2.5 in. below the windown Figs. 6—8, only
' data with the horns 1.5 in. below the window are plotted.
The substrate was placed 1 in. below the height of the mi-
crowave horns. In the bright mode, the ion density increased
The line-integrated electron density measured by micronearly linearly with rf power. In contrast, the electron density
wave interferometry was divided by the chamber length 19.5neasured 1.5 in. below the window seems to increase lin-
cm to give the average electron dengiiy). Figure 6 shows early at lower power and quadratically at higher power. The
that({n,) increases with rf power. The positive ion density in electron density is seen to be almost independent of substrate
the center of the wafer,, measured by a Langmuir probe as bias(Fig. 7). Figure 8 shows the variation ¢n.) with pres-
reported in Ref. 3, is also plotted for comparison. Assumingsure. At low pressuréelow=<15mTorr), it seems thdn,)
that the lateral spatial variation of the electron density is thelecreases with pressure and is nearly independent of pressure
same as that measured for the ion density with the Langmuit higher pressure when it was measured 1.5 in. below the

B. Electron density measurement
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- - 1 IV. DISCUSSION
10 .
L i A. Differences between LD-PIE and LD-LIF detection
0.5 - EEEe— . . . . . . .
| Ne | The LD-LIF signal intensity of SiGl during C}, etching
0.0 — of Si is given by
| Si, or SiCl, or SiCI 1
15 2 3 LD-PIE - _ P.
[ 385.4 nm \ ] Sio-LIF, SiCIy_Az Osict( Qplasmd Psici,—sicl (1 ased
X
1.0 - —
i 1 X Psicy (1ase 1
o5 ] sicy,(iase) 1)
00 i | | ’I‘e | 1 whereA is a proportionality constant arﬁgic,x is the surface
5 10 15 20 25 35 coverage of SiGl, which is a function of plasma

PRESSURE (mTorr)

Fic. 5. Variation of the net LD-PIE signabpen circlegat five wavelengths
vs pressurébright mode only(500 W rf power,— 20 V substrate bigsAlso
shown is the LD-PIE signal normalized by the electron densitynormal-

ization approach No. 1, closed circles

conditions—rf power, bias, and pressuyoellectively desig-
nated asQpjasma - ESiC,XHSiQy is the probability of getting
laser-desorbed Sigfrom SiCl, on the surfacéwhich is also
a function of laser intensijyand Psmy is the probability of
exciting the desorbed SiCto emit LIF (which is a function
of laser intensityl |,s¢) -

The LD-PIE signal intensity of SiGlduring Ch etching
of Siis
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Fic. 6. Line-integrated electron density measured by microwave interferom-
etry divided by the chamber length, the average electron defrsijy vs rf
power(18 mTorr C}, 0 V substrate bigsThe ion densityn; , measured by

PRESSURE (mTorr)

a Langmuir probe over the middle of the wafds also plotted along with ~ Fic. 8. Average electron density,) vs Cl, pressurg500 W rf power, 0 V

the peak electron density,, from (n,) and the spatial profile ofi; .
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TaBLE Il. Reactions of possible interest in LD-PIE for laser-desorbed SiCl, 24 T T T T v T v T T T ]
SiCl, and SiC}.* denotes electronically excited species. Multiple excitation 2ol 1
routes are not listed. “ [ 7]
20 |- .
Required < 18f ]
Reaction energy(eV) No. L 16l ]
b L
SiCl+e  —SIiClF +e~ 4.4 1 < Mr ]
—Si+Cl+e” 3.86 2 5 12 | i
—Si*+Cl+e” 8.9 3 B 10k B
—Si+CI* +e” 14.2 4 $ osl ]
SiCl,+ e —SiClf +e~ 3.8 5 2 osl ]
—SiCl+Cl+e 5.06 6 S oal
—SiClF+Cl+e” 9.46 7 4T .
—SiClH+CI* +e~ 15.4 8 02 ]
—Si+Cl+Cl+e” 8.92 9 0.0 L . L . L . ! . L
0 10 20 30
—SF+Cl+Cl+e 13.9 10 “© %
—Si+Cl* +Cl+e” 19.3 11 Energy (eV)
—Si+Cl,+e” 6.41 12 o ) = - .
—SF+Clte 11.4 13 Fic. 9. Excitation cross section for SiCA !B, X *A; calculated in Ref.
.Si+CP+e- 135 14 26. It is used here wittE,, linearly shifted in energy tdE,,.. for the
sicl +eEHSiCI* fe @ 3'2 15 reactions listed in Table II.
3 3 ! .
—SiCL+Cl+e” 3.56 16
—SiCE +Cl+e” 7.32 17
—SiCL+CI* +e~ 14.0 18 . ~ . . . "
—SICHCly+e 6.1 19 normalized byP’—which varies with plasma conditions—to
—SiCP +Cl,+e” 10.5 20 determine hov\HSiC.X varies with plasma conditions.
—SiCI+Cl5 +e” 13.2 21
—SiClH2Cl+e~ 8.61 22
—SiCPF+2Cl+e” 13.0 23 o ] o
—SiCI+CI+CI* +e~ 19.0 24 B. Electron excitation and signal normalization
i+Cly+Cl+e” : ;
:2:* fgl +C|0|fe* 12'?)6 5‘2 Table 1l lists reactions that can lead to LD-PIE from de-
HSi+CI’2‘iCI+e’ 171 27 sorbed SiCl, SiGl and SiC}. (Desorption of Si is assumed
—Si+Cl+CI* +e~ 20.4 28 to be less importantThere are very little data for the cross

sections of the processes listed in Table II. Estimates of ex-
citation probabilities are made here using the calculated
cross section for electron excitation of Sj& 'B;«— X 'A;
Sio-pie. SicfA'z 9SiC|X(Qp|astESiC|FSiC|y(| ase) fro.m Rgf. 26, shown in Fig. 9. This cross section is linearly
Y shifted in energy so the apparent activation endtgy (de-
~ fined here as the energy at which the cross section increases
XP'SiClyHSiCI’;(QpIast' @ from zerg equals the minimum energy barri&g,g for
;s I ~, , each reaction listed in Table Il. These estimates provide
where A" is a proportionality constant an sicl,—sictt 1S some insight; still, they do involve two major assumptions:
the probability that collisions with electrons excite %,Im (1) all of these processses have the same maximum cross
produce SiC} (which is a function of plasma conditions  section(even if some have more than one chahnanhd (2)
The latter is normalized here to become the probability ofg, =E,, .. This latter assumption leads to overestimates of
such collisions in a time. the excitation rates becaus,; can be much higher than
There are two fundamental differences in these two detecg ;. for several reasons. The lowest energy of states that
tion schemes. First, for example, a SiCl LD-LIF signal can be reached without nuclear motigRranck—Condon
comes only from SiCl, while a SiCl LD-PIE signal could principle) can exceed this minimum value by several elec-
come from electron excitation of SiCl, electron-induced dis-tron volts. Also, the density of final states factor can only
sociation of SiCJ leading to excited SiCl, and possibly also become large much above this minimum energy barrier. For
from other species, as seen in reactions 1, 7, 20, and 23 ectron excitation of SIGIA 1B, X A, E,is =5.0€V,

Table II. Given the time scales, only a single collision be-\ hich is higher tharEe,.i~3.8 eV for the associated Reac-
tween SiCJ and an electron is expected to occur before dif-ijo, 5.

fusion of the desorbed spe_\cies out of the field of view, as is Reference 26 also gives the calculated Si®I%E*
shown later. S_econd, for f|xgd laser parameters, the surface g- 20)« X 2[1, electron excitation cross section, for
coverage of SiGl, fsicy, varies exactly as doeSip..ir @85 \yhich E,, is ~5.6 eV, which is higher tha,q~4.4 eV
plasma parameters are changed, so when plasma conditiofst the associated Reaction 1 in Table Il. The cited cross
are varied, the measured variation3p, ¢ is exactly the  section is the average of that to these two states, and gives
same as that fofsic,,. However, for LD-PIE analysissic,  rates of excitation that are about half those to the SKCI
varies as doe$ p.pe/P’, so the LD-PIE signal must be state. Since PIE is seen from tBé and not from theB state,

J. Vac. Sci. Technol. A, Vol. 18, No. 6, Nov /Dec 2000
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most of the electron excitation is to th&' state, and the C. Desorption detected by LD-PIE

excitation rates of SiCIB’ A« X?II; and SiC} A'B, Layadi etal® used x-ray photoelectron spectroscopy
—X"'A; would then be roughly equal. (XPS) to show that the relative coverages of near-surface
The probability of a collision in a timer is P’=ngkr  SiCl, integrated over depth on Si exposed to a helical reso-
wherek is the rate constant for excitation. A high value of nator C} plasma i SiCl]:[SiCl,]:[SiCl;]=1:0.34:0.087 at 40
the measured electron density, ne€2(n,)), ~5 eV ion energy and 1:0.33:0.13 at 280 eV energy. The simu-
X 10'%cn, is used along withr=10 s, which is the upper lation of Si etching by Ci by Hansonet al?® predicts the
limit of the LD-PIE time delay plus gate window. Witfi,  relative abundance of near-surfa®CI]:[SiCl,]:[SiCl;] to
=2.8eV, as measured in Ref. B=11.6, 7.3, 1.9, and 0.4 be 1:0.29:0.03 at 50 eV ion energy. It also predicts that.SiCl
x 10~ cmP/s forE,=3, 5, 10, and 15 eV respectively using is the major etch product at 50 and 100 eV, with lesser
the energy-shifted cross sections, leading R6=0.058, amounts of SiCl and Sig/l and even lesser amounts of Si.
0.037, 0.0095, and 0.0022 collisions during the measuremegiomewhat different interatomic potentials lead to different
time, respectively. The collision probability for tactual, ~predictions about the dominant etch product¥) The simu-
unshifted cross section for SiGA 1B, X A, is 0.037 and  lation of chlorinated Si etching by Arby Kubotaet al**
that for SiCl B 23" +B’ 2A)« X2II, is 0.020 (using the found SiCl to be the major product, and lesser amounts of Si
averageB+ B’ cross section Ref. 26 also gives the summed and SiC}. Using  single-photon ionization time-of-flight
cross section for the five lowest energy routes for electronass spectrometry Goodmanal.*” probed the products of
induced dissociation of Sigl using this, there are 0.045 dis- Ar'-enhanced275-975 eV etching of room temperature
sociative collisions during the time window. This comparesSi(100 exposed to Gl They found Si and SiCl to be the
to a total of 0.092 collisions for the lowest five dissociation Main products, with SiCl having a much larger yield, and
channels for SiGllisted in Table II, obtained using the cross they also saw smaller amounts of SiCUsing the same
section in Fig. 9 shifted in energy for each reaction. method, Matereet al. found SiCl and SiGlto be the major
Therefore, these energy-shifted cross sections suggest tHafoducts of thermal etching of @00 by Cl, in the range of
it is unlikely that more than one electron collision occurs1023-1373 K The SiCl yield was larger than that of SiCl
during the LD-PIE measurement. Therefor%,’(Q,,,asma gnd it became mcreasmgly. more important as tempera}ture
would be expected to be proportional h(Qpiasmd- If Te increased above 1200 :R._S|CI3 could havg been seen in
does not change, theﬁsmx should vary asS,p.pie/Ne as both Refs. 3? apd 33 and it was not; also, it was not p953|ble
plasma conditions are variedThis is normalization ap- © olb?erve S'E‘Imthﬁse stgdulas. Lisehrlth.ermalljdelsorpftmn of
proach No. 1. If excitation cross sections were a factor of SICI from a_t ermally” and plasmachlorinated Si surface
i ~ - has been directly observed by LIF. Mass spectrometry de-
five larger,P’ could be as large as 0.3 and the possibility of

o . tected Cl, SiCl, and SiGlas the major products of LITD of
two-step excitation processes would have to be considere

. ) 2= “"thermally chlorinated silicon, with the SiCl yield being much
This analysis assumes that the electron energy dIStrIbutIO&rger than that of SiGI*5% Reference 36 concluded that the

function is a Maxwellian. There is some evidence that thisgi~'\\ - je to SiGlfragmentation in the mass spectrom-

may not be true and that there is, in fact, a depleted high- . L
X . r. On th is of all of th ies, it woul r n-
energy tai?’ It would then be better to normalize the LD- eter. On the basis of all of these studies, it would be reaso

PIE signal by the density of high-energy electrons, Whichable o expect that during plasma etching of Si by, GIiCl

may not vary with plasma conditions as does the Iine_and SiC} could be LITD products and that Sidk not likely

integrated valudn,) determined by microwave interferom- a LITD product. It is also less than likely that Si or clustered
9 e y Si desorbs directly’

etry. One way to do this is to use the background PIE inten- : ;
. - ; . L . There is no strict one-to-one correspondence between de-
sity for normalization, which would include variations of this . . . o . .
sorbing species SiCland emitting species SilCl For ex-

high-energy t_ail. T_he _ex_citation mechanism for the back ample, the LD-PIE signal from Si€lcan come from des-
ground PIE signal s similar to that for LD-PIE, orbed SiC} or from a more chlorinated desorbed species.
Previous LD-LIF measurements confirm the direct desorp-

Spie, sic,= B> nsic|y(Qp|astf"SiCIWSiu*(Qplastv j[io_n qf SiCI! The obsgrvation of.Si(;I LD-I?IE suggests that

y z it is likely that there is some Sigldesorbing from the sur-

@ face by LITD or, in a less likely scenario, desorbed Si@i
) ) o SiCl, is dissociated to form Si¢l. SiCl, might form on the
wherensic, is the steady-state density of S|CIIf it is as-  gyrface just prior to the desorption process.

sumed that the etch ratéR varies as the average of the  The excitation and dissociation of desorbed species by

VariOUS”smy, then electrons lead to the processes listed in Table II. Next to each
reaction is the minimum energy needed for the process
Seie, sicy=B"ER(Qpiasmd P 'sicy - sice (Qpiasmd-~ (4)  Eexcier WhICh i the energy of the upper level iy ex

cited statesfrom Table ) plus the bond breaking energigk
~ any). In general, the reactions with both electron-induced
Then, P'xSpe/ER and fsic; in Eqg. (2) would vary as  dissociation and excitation have higher energy barriers than
Sio-pie/ (Spie/ER). (This is normalization approach No.)2. those with solely excitation. The bond breaking energies in
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reactions 2, 6, 9, 12, 16, 19, 22, and 25 for unexcited prod-+ 0.7, +0.1gicy,, Sio-piE, sic™ Nsicrt 0-28sicy,
ucts are 3.86, 5.06, 8.92, 6.41, 3.56, 6.1, 8.61, and 9.96 eV, 0.2%Ngcy, andSip.pie, sic,* Nsicy, + 0.4y, each nor-

respectively’® The upper level energy of Sis taken as 5.0 malized to the densit . . .
. y of the dominant density tefmhich
eV, since that of the 251.4 nf4.93 e\j and 288.2 n5.05 has the smallesE,, ). This means that Si SiCF, and

eV) are roughly this value. For Sitl only the upper level SiCl5 emissions are weighted toward detecting desorbed
of the 330 nm transition is considered. The activation enersic|” sic| and SiG), respectively(This is true for St if
gies Eq for most of these reactions are not known and, a§pere is no directly desorbing $iThe dominant terms be-
stated earlier, they may be several electron volts abovg, e even more so at lowd,. Other measurements
Eexcite- ) ] ) __in ICP reactors that may be more sensitive to the high energy
Unravelling the exact pathways relating desorbing SiCl 527 5yggest thal, might be a bit smaller than the 2.8 eV
and emitting SiC} requires better cross sections for the pro-|,geq here, and nearer to 2 eV.T{=2.0 eV, then, for ex-
cesses listed in Table Il than exist at present. Still, the rat%mple Sip.pie s*Nsici+ 0.4Mgic, +0.0Mgcy.. If Eaq Were
,SLp-PIE, . ,+0. X

cons':jants deter_mlneddusm_g the dat"_i n :'g' l?_dw'th bt_hGSeveraI electron volts higher thdf,. for each of these
stated assumptions—do give some insight. All desorbing, yoq then the dominant route is slightly even more fa-

species suffer much less than one collision with eIectron%red. If, for example, alE,, exceed their respectiy,e
before leaving the optical field of view. This is also true for by 2 eV, then forT,=2.8 eV Sippie s*Nsc+ 0. 7N
! e " - , ol I . I 7]

those collisions in Table Il that do not lead to excitation. — .
Consequently, it can be assumed that electrons collide onl§/L 0.16sicy,. These .d|str|but|ons foSip-pee, Si,WIII I|k.ely ,
with species that have directly desorbed from the surface’@n9e Whenltgeddlfferent routes of producing various Si
Appropriately shifting in energy the cross section in Fig. 9,State_S are included. .

desorbed SiCl is excited to produce SiCI0.0425 SiCt It is possible that some of the *SiLD-PIE could come
produced per desorbed SiCl during &8, with T,=2.8 eV from electron excitation of desorbed Si, which is thought by
andn,=5x 10%cn?), Si* (0.0130 and ér (0.0828'.des- some to be a product of plgsma etching and LITD of Si.
orbed SIC} produces SiCl (0.0488, SiCF (0.0113, S¢ /SO approximately 310° Si atoms/crh (5x 10 7 mono-
(0.0094, CI (0.0034, and éf (0’0025_ an.d des,orbed layerg evaporate from a Si surface at the melting tempera-
Siél3 pr;)duées éi(é] (6.0558 if thel 385.4'1 nm emission is ture (which is the temperature during LITD heréuring the

: ) : | Ise. During LITD, the | h i f th
actually due to SIcj). SIC (0.0203, SICF (0.0123, Cly &3¢ Ba8 L e e vaporation of
(0.0049, CI* (0.0039, and St (0.0022. This means that it

A : . . Si could occur. While the amount of desorbing Si per unit
is likely that desorbing SiCl forms mostly SIGI SiCh 107 is much less than thel x 105 SiCl, /cn? that desorbs
forms mostly SiCJ , and SiC} forms mostly SiC} (unless P

ooand 2 _ per laser pulséi.e., roughly half of the ~2x 10'°Cl/cn? on
the 385.4 nm emission is actually due to SiClin which 5 g g\;face exposed to a,Qilasma), excitation and detec-
case SiCJ forms mostly SiC}); when available, the path of i1 of this St could be relatively efficient.
excitation without dissociation dominates over the others. The detected Sicl 280.9 nm LD-PIE signals were typi-
The validity of these conclusions rests on the two stateq:a"y twice the SiCJ 330 nm emissions for similar condi-
assumptions at the beginning of Sec. IV B. The first assumpyjons; given the transmission of the filters the Si@mission
tion automatically assumes that there is only one effectivgom the reactor is~ 6.7 times stronger. However, this does
exit channel each for Siand CF. Likely, more than one ot imply that the desorbed density of SiCl is much larger
exists for each. than that of SiCJ, or even that it is larger. Determination of
The observed LD-PIE signal for each excited state is prothe relative densities of desorbing speciesuch less the
portional to the density of the excited statethe probability  apsolute densitiesrequires reliable cross sections for each
or radiative decay during the observation tirdethe detec-  excitation pathway. Theactual, unshiftel calculations in
tion probability. The second term is 7osn{ (Toponi™ Tgatd:  Ref. 26 suggest that fol,=2.8€V the rate of exciting
where 7¢pon is the spontaneous emission lifetinieable ) ground state SiCl to thB' ?A state is about 1.08 times that
ar‘d*Tgate”E’_gﬂs is the gate ‘_’l"dt_h' *lt IS unity for Si for exciting SiCl to A 'B, (assuming that excitation to the
S'S' , the 385.4 nm emitteXSi/SICRL/SICR), CI* and  gic) B state is negligible If these direct non-dissociative
Cl; ; and~0.8 for SiCF (at 280.9 nm. The detection prob-  athways for exciting SiCl and Siivere the only important
ability includes the usual spectral sensitivity of the coIIchonones, given these rates and the relatively smaller detected
optics and the fraction of the emission from the excited state sction of SiC}, emission(it is 16 times spectrally broader
that is detected. This detected fraction is the product of thenan the Sicl emission bahdone could conclude that more
emission branching fraction and fraction of the spectralgng perhaps twice as mucBiCl, desorbs than SiCl. Since
emission profile detected by the spectrometer. This can bgther excitation routes are possible, and given the uncertain-
larger for atomic emission than for molecular emission, Sqijes in the cross sections and the fraction of detected emitted
larger LD-PIE signals can come from excited species withjght, and other experimental uncertainties, this calibration of
smaller densities. relative densities is still very uncertain at present.
Conversely, the emission from a given SiClwhich No LD-PIE is observed here from Cl, $land CJ , sug-
can come from several processes in Tablectin be related  gesting that steady-state physisorption of chlorine is negli-
to densities of each desorbing SjCl Sppie s*Nsici  gible during C} plasma etching of Si and that observable
excited states of these species are not formed in any electron-
J. Vac. Sci. Technol. A, Vol. 18, No. 6, Nov /Dec 2000 induced dissociation of desorbed SjCIf these species were
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present on the surface and were directly desorbed by LITD, and 12 eV, respectively. If there is any changd jrits effect
transient increase of PIE from these species should havie small, especially for the dominant, low-energy processes.
been observed. Guptet al*’ attributed the observed LITD \while it is not negligible, it likely affect®’ much less than
signal of CI during laser desorption of a thermally chlori- the concomitant changes of with rf power, and will not be
nated silicon surface to electron impact fragmentation of.onsidered here.

SiCl, by the ionizer in the mass spectrometer. They did not
notice a C} LITD signal either. This may seem to be incon- : . -
sistent with the observation of LD-PIE from*Sbecause itis ¢ 19" 3 _‘""59 plots the norr.nallz@jiD_ME, Sicl, data qIVId?d
known that during the LITD of a chlorinated Si surface, de-PY Ne» Which is <fsic,,, as filled circles, with straight line
sorbing species apparently do not include atomic or clusterefits to the eye.(Normalization approach No. )1Each nor-
Si3" Table | shows that the upper levels populated in te Si malized LD-PIE signal has the same variation and is essen-
emission transitions are 5 eV above the ground state, whiléially independent of rf power. The most reasonable conclu-
the upper level of the Clline examinedand of other similar ~ sion is that the adlayer contendsic, is essentially
lines) is much higher(10 eV) and therefore much harder to independent of rf power. This is consistent with the LD-LIF
excite in this discharge. Using the aforementioned estimatestudy, in whichS p ¢ sic and, thereforefsic; were seen

of collision probabilities, the rate of production of*Cirom 4t 1o change with rf powefor at most they increased only
SiCl is much smaIIer_ than those for SfCand Sf ; those of slightly with power within the bright mode this was cor-

cr *and.Cg from SiCk are much smaller than those for ohorated by XPS measuremefthat observation sug-
SiCl;, SICF and Sf; and those of Cl and Cf from SiCk  gested that increasing ion flux equally increases the rates of
are much smaller than those for SJGind SIiCF, but some-  jqjayer formation (chlorination and adlayer removal
what larger than those for 'Si Energetically, it is very un-  (gching 3 Alternative conclusions can be drawn, but they
likely that CL* would form. (14.25 eV is needed to form it 5q jess likely. For example, the LD-PIE data are also con-
from Cl,; 11.5 eV ionization energy+2.75eV excitation sistent with an interpretation Witﬁ”ocng and fs. ocngl;

SinceP’ is expected to be proportional tg for constant

energy) Iy - .
however, the probability of two collisions during the obser-
vation time is negligible. If any of the emitting species were
D. Dependence of the LD-PIE signal on plasma predominantly produced by two collisions, normalization
conditions would have required dividin®, p_pie by ng; this is not seen.

The results using the second calibration approach are also

SiCl*, and SiC} each gives the same degree of surfaceorovided in Fig. 3 for SiGJ , for.which the ass“!”‘.‘p“o'f‘ that
chlorination, as well as one that is the same as was detef€ €1Ch rate ER antsc;, vary with plasma conditions in the
mined by LD-LIF in Ref. 3. The LD-PIE at the five wave- Same way seems reasonable. This normalization approach
lengths measured track almost the same way as plasma coliSO suggests thablsic; is essentially independent of rf
ditions are variedexceptions are noted lajewhich means power.
that they imply similar chlorine contents of the surface ad- The unnormalized dependence of LD-PIE on substrate
layer. Consequently, the total chlorination of the surfacebias is plotted in Fig. 40 to ~—100 V, corresponding to
from all surface SiGl 6¢* Osici, Osici,- Note that the 330 ~16 to 116 eV average ion enefgfhe LD-LIF study of Si
nm emission from SiGland the 385.4 nm emission attrib- etching in Ref. 3 showed that the level of adlayer chlorina-
uted to S}, SiCl,, or SiCk track fairly the same with sub- tion increases with increasing substrate bias voltage due to
strate bias and other plasma parameters. the deeper penetration of chlorine into subsurface. XPS of Si
Figure 3(open circles shows thatS p_pe increases rap- surfaces etched in a helical resonator chlorine plasma
idly with increasing rf power at constant press(t8 mTor)  showed that much of increase in chlorine coverage can be
and dc bias {20 V) [36 eV ion energyfor Si*, SiClF, and  attributed to subsurface Cl, which is up t620 A deep into
SiCl; . Of interest is the SiGlcoverage of the surfaogsc,,  the surface when the incident chlorine ion hag16 eV ki-
which varies a§LD-P|E/F"- netic energy. Micr_owgve interferometry(Fig. 7) s_hows that
Using the collision cross section in Fig. 9 and the assumptl€ éléctron density in the bulk of the plasma is nearly con-
tion that E = Ee.ier the dependence of the collision prob- stant as the substrate bias voltage is changed. Therefore, no

ability P’ on the electron density, and temperatur&, can calibration by then, term inP’ is required.T, wgs seen not
be determinedit is roughly n, e~ Eexie’kTe) | Figure 6 shows to vary with bias at alf and so any variation i®’ with T,

that the electron density increases by an order of magnitudé not expected to be important either. LD-PIE from most of
as the rf power is increased. Langmuir probe analysis in Rethe individual emission features increased with bias voltage,
3 showed no change df, with rf power change$2.8 eV at  as did the LD-LIF signal. However, there are different varia-
18 mTory; recent optical actinometry wofk suggests that tions with bias at each spectral featufieig. 4), most of
there may be some small change increasg.iwith increas-  which are larger than that seen with LD-LIF. Over this bias
ing rf power, probably less than 0.4 eV. The collision prob-range, the LD-LIF signal increases by1.6. The LD-PIE
ability calculated using Fig. 9, increases by 33%, 67%, andncrease is about-1.0, 1.8, 2.2, 2.5, and 2.5 for the*Si
109% asT, increases from 2.4 to 2.8 eV fdfe,ce=4, 8, 251.4 nm, Si 288.2 nm, SiCJ 330 nm, SiCt 280.9 nm,

One goal is to see whether monitoring LD-PIE of Si
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and 385.4 nm $iSiCI5/SiClt features, respectively. The V. CONCLUSIONS
reason for these differences in the LD-PIE signals is not

clear. . .
. . D-PIE analysis to determine the surface coverage of chlo-

, The vqltage drop across the sheath increases V_V'th the IFlfne during s){eady—state etching in this high dens?ty plasma
bias apphed to the substrate. The desorbed species d'ffu‘?‘sactor. Laser-induced thermal desorption followed by the
over a distance of-1.0mm during the~5-10us LD-PIE  {apsient increase in plasma-induced emission of the desorb-
signal, which is much larger than the sheath thicknesg,g species can be used to analyze surface adlayer composi-
(~0.2-0.4 mn. Also, there are relatively few electrons in tionsin situ and in real time during plasma etching. In con-
the sheath and the energies of these electrons are lower thggast to LD-LIF, LD-PIE can be used to monitor almost all
those in the bulk plasma because of the retarding potentiathe species that desorb and are subsequently excited by elec-
Therefore, most of the excitation by electrons comes fromrons in the plasma. The time resolution of the detection
outside of the sheath. Even though the plasma density doesethod is limited by the laser repetition rate.
not change with bias, the etch rate increases with bias and To obtain the relative chlorine content of the adlayer, the
therefore the composition of the gas in the plasma is altered-D-PIE signal was normalized by the electron density to
This could influence the electron temperature and densitycompensate for the change in the collisional excitation rate
The second calibration approach, which may include some diue to electron density varlat|0n§. The chlorine content of
these changes, is shown in Fig. 4 for the $iCD-PIE bias the surface adlayer changed slightly when rf power was

. ; : ; changed. This is consistent with the SiCl LD-LIF study con-
depenQence, thg increase of th_e normalized Slg%ﬂ%k'x), ducted in the same ICP reactor. Most of the LD-PIE signals
over this range is by-1.5, and is closer to that of the SiCl

increased monotonically as the ion energy was increased

The etching of silicon by a chlorine ICP was studied using

LD-LIF signal. S o from 16 to 116 eV by increasing the rf substrate bias voltage.
The unnormalized LD-PIE signal intensity either is nearly There was somewhat better agreement with the LD-LIF mea-
constant or may increase slightly with press(f&. 5). Mi-  surements for the bias dependence of the SiO-PIE sig-

crowave interferometry measurements show that the electramal when the alternative normalization approach was used,
density decreases slightly with increasing pressure, whewhich assumes that the excitation ratexi§iCl, PIE signal/
measured either 2.5 and 1.5 in. below the top window. Elecetch rate. The LD-PIE signal suggested a nearly constant
tron density decreases with increasing pressure since diss@dlayer content with changing pressure. This agreed with the
ciative electron attachment increases with increasing chlorineD-LIF results. _ _
density*® The LD-LIF study of Si etching showed that the ~ LD-PIE and LD-LIF have their own strengths. LD-LIF is
adlayer remains almost unchanged with pressure when the 8Pecific to a particular species that resonantly absorbs the
wafer is 1.5 in. below the window, but that it decreaseslasfar .radla_tlon and therefore, typically produces a strqng
slightly (and linearly with pressure when the wafer is 2.5 in. emission signal. A_Iso, LD'L”:. does not rely on electrons in
. . .~ the plasma to excite the species. Therefore, it can be used to
below the window. Figure 5 shows that the net LD-PIE sig- ! . .
. - . . . compare the adlayer content during laser-induced etching by
nal normallzgd b}ne, f|||gd C|rcle§, is nearly independent of non-ionized chlorine gas or during plasma etching in the dim
pressure, which is 90n3|stent W|th.the results of the LD-LIF,qe (where the electron density is very lpwHowever,
study. The Langmuir probe analysis in Ref. 3 showedTqat | p_||F is usually limited to only one type of desorbing spe-
decreases with pressure change frer8.0 to 2.4 eV in the  ¢jes that may not necessarily represent the surface composi-
12-30 mTorr range in Fig. 5. Using the cross sections in Figtion during plasma etching. Each desorbed species amenable
9, this decrease corresponds to 33%, 51%, and 64% dee LIF, must be probed by a separate laser, except for fortu-
creases in the collision probability over this pressure rang&ous resonances. On the other hand, LD-PIE can usually be
for E;.—=4, 8, and 12 eV, respectively. seen due to the excitation of many different species and
Note that the bias and pressure dependences of the Stherefore it is more universal. While there is a one-to-one
251.4 nm feature are very different from those of the fourcorrespondence between desorbed and detected species in
other emission features. In fact, it shows no variation withtD-LIF, this is not necessarily true in LD-PIE. o
substrate bias. The energy of the upper level of this Si F_uture studies of the LD-PIE m_ethod could consider in-
emission line is about the same as that for the 288.2 nm g(lg’(‘jm?otuglgsdeegrrzi;Zrethgea?a?ecucr)]foggf:?rré r?u;;ci?::ti?r: of
line (Table ), butit is a triplet(that emits to the ground state excited states and normalize the LD-PIE signals better; this

of the Si atom, while the latter is singlet. It is possible that is a variation of the normalization approach No. 2. Better

the 288.2 nm Si emission is a result of dissociative excitatior,,, <\ 1o measurements of the LD-PIE signals and excitation
of desorbing SiG, since the LD-PIE signal of this feature .qq sections would result in an improved absolute determi-
varies with bias as do the SiCemissions, and that the 251.4 ation of desorbed species densities. An LD-PIE comparison
nm feature comes from the triplet ground state of Si atomgetween chlorine-gas exposed and chlorine-plasma exposed
that are desorbed directly from exposed regions of the Siurfaces by the “wait and probe” measurement described in
surface(that are initially under the Si¢llayern, since this Ref. 1 could be developed by using a low mass, relatively
would be minimally affected by substrate bias. nonsputtering plasma such as hydrogen or helium. More de-
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tailed investigations of how LD-PIE is affected by collisional

excitation of desorbed species with electron temperature
variations, electron density variations, and quenching could;
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