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We have used laser-induced thermal desorption, combined with laser-induced fluorescence of SiCl(g)
to study, in real time, the Si-chloride (SiCl,,45)) layer that is present on the surface during Si etching
in a high-plasma density, low pressure Cl, helical resonator plasma. The SiCl, (45 layer that builds
up during etching contains about twice as much Cl as the saturated layer that forms when Si is
exposed to Cl, gas. By varying the laser repetition rate we determined that the surface is chlorinated
with an apparent first-order time constant of ~6 ms at 1.0 mTorr, and 20 ms at 0.3 mTorr. Therefore
in the plasma at pressures above ~0.5 mTorr, the SiCl, (.45 layer reaches saturated coverage on a
time scale that is short compared to the time required to etch one monolayer (40 ms). From the weak
dependence of the SiCl, 4 layer coverage on discharge power (0.2~1 W/cm’), substrate bias
voltage (from 0 to —50 V dc), and pressure (0.5—-10 mTorr), we conclude that ion flux, and not
neutral etchant flux (i.e., Cl and Cl,), limits the etch rate, even in a low pressure,
high-charge-density plasma. The chemically enhanced C1J sputtering yield is 0.38 at an ion energy
of 50 eV and 0.60 at 125 eV. Because of the relatively low neutral-to-ion flux ratios {~2:1 at the
lowest pressures) compared to reactive ion etching conditions, a substantial portion of the chlorine
needed to form volatile products can be provided by the impinging ions. The SiCl, .4 layer does
not change appreciably (<10% decrease in Cl coverage) after the plasma is extinguished and the gas
is pumped away. Consequently, post-etching surface analysis measurements on samples that are
transferred under ultrahigh vacuum to an analysis chamber provide information on the surface as it
was during etching. The SiCl, .4 coverage and etch rate decreases with increasing addition of O,

to Cl,, due to the competition for adsorption sites by O.

I. INTRODUCTION

Lower pressure, higher charge density plasmas are in-
creasingly being investigated and implemented to achieve
faster etch rates, better selectivities, and improved control
over etched profiles. Along with the higher fluxes of ions,
these conditions produce lower ion energies and lower fluxes
of neutral species. Although the percent dissociation of feed
gases is, in general, larger for higher plasma densities, the
lower pressures usually lead to lower fluxes of radical spe-
cies. Diagnostic studies are needed to determine what limits
etching rates, profile control, uniformity, etc. under these
conditions, so future research and development can be prop-
erly directed. To understand the role of the supply of neutral
species to the surface, a diagnostic technique is needed to
measure adsorbate coverages on the surface during etching.

Identifying these adsorbates in real time is a difficult task.
Standard surface analysis techniques such as Auger electron
spectroscopy (AES), x-ray photoelectron spectroscopy
(XPS), and electron energy loss spectroscopy (EELS) cannot
be applied in the presence of charged particles, and at the
high pressures used in etching and deposition processes (1—
1000 mTorr). Several optical techniques have recently been
applied to this problem. Ellipsometry can provide some in-
formation on the presence of adsorbates during etching.!™
Interpretations depend on modeling, however, and chemical
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analysis is not possible. Surface-based photoemission* and
photoluminescence’ have been applied to plasma processing.
While these techniques are very sensitive to the presence of
certain adsorbates, and for photoluminescence during ITI-V
compound semiconductor plasma processing to the onset of
surface damage, they are hard to quantify and give no chemi-
cal identification. Infrared (IR} absorption, and in particular
Fourier transform IR (FTIR), can provide chemical identifi-
cation, and has been used to probe surfaces during plasma
processing.® However, special total-internal-reflection sub-
strates are needed for high sensitivity, and interferences from
substrate absorption bands limit this technique. In addition,
fast time response is not possible because of the signal aver-
aging necessary to extract the weak absorbances.

None of these techniques can provide the quantitative
chemical identification possible with AES and XPS. Conse-
quently, many efforts have involved preparing samples in the
processing environment, and then transferring the sample to
an ultrahigh vacuum (UHV) chamber without air
exposure.7“16 In one such recent XPS study, we determined
the composition and coverage of adsorbates that were present
on polycrystalline Si masked with photoresist after etching in
a high-density, low pressure helical resonator Cl, plasma.'6
One question in these post-processing analysis studies is
whether the results are representative of the surface under
steady-state processing conditions in the presence of gases,
and, in plasma processes, charged particle bombardment.

Recently, we used laser-induced desorption, combined
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Fic. 1. Schematic depiction of the apparatus used for laser induced thermal desorption/emission measurements during plasma etching. The vacuum transfer

chamber and UHV/XPS chamber are not shown.

with laser-induced ﬂuorescence,” to show that the Si-

chloride layer that is present during etching in this plasma'$
is stable after the plasma is extinguished; its thickness de-
creases by <<10% in the time needed to transfer samples to
the analysis chamber and perform subsequent XPS measure-
ments. In the present study, we have used this technigue to
measure, in real time, the dependence of the chlorine content
of this layer on discharge power, substrate bias voltage, pres-
sure, and added oxygen. The transient behavior of the layer
thickness has also been determined as etching conditions are
changed.

ll. EXPERIMENTAL PROCEDURE

The plasma reactor, optical spectrometer, and excimer la-
ser used in this study are depicted in Fig. 1, and have been
described in detail elsewhere.!®~?° The plasma reactor is con-
nected to an ultrahigh vacuum (UHV) XPS analysis
chamber'® (not shown in Fig. 1). The plasma reactor'® con-
sists of a 6 in. stainless-steel cube, forming a “downstream”
region, with a 2 in. diam vertical glass tube that is connected
to the top of the cube and serves as the “upstream” discharge
region. A 4 in. diam 16-turn quarter-wave helical coil and 8
in. diam ground shield surround this glass tube, forming the
helical resonator source.?! 2* A 100 G solenoid magnet con-
centrically surrounds the lower part of the ground shield, and
a second 100 G magnet concentrically surrounds the down-
stream region. The discharge was operated at a pressure of
1.0 mTorr at a total flow of 5.5 standard cubic cm per min
(sccm). In most cases, pure Cl, was used; C1,/O, gas mix-
tures were also investigated. In one set of experiments with
pure Cl,, the pressure was varied from 0.2 to 20 mTorr. The
flow rate was reduced to 1 sccm to obtain pressures below 1
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mTorr. Pressures were measured with a capacitance manom-
eter and the reactor was pumped from below with a 240 #/s
turbomolecular pump.

The helical resonator plasma source was operated at a
radio frequency (rf) of 11.21 MHz and a net power of 280 W,
measured with in-line power meters. In one set of experi-
ments, the power was varied from 5 to 500 W. The substrate
stage was biased with a second rf voltage (14.5 MHz), pro-
viding dc bias voltages of 0 (grounded stage) to —120 V.
Electrical measurements were made with a Langmuir probe
{PMT Fastprobe). At 1 mTorr, the plasma potential was 50 V,
independent of dc bias. An electron density of 1.5Xx10"
cm™* was measured for an Ar plasma under the same pres-
sure and power conditions. Saturated ion current density
(1,,) measurements were performed as a function of power,
bias voltage, and pressure. Under the conditions used for
many of the measurements presented below (280 W helical
resonator power, 1 mTorr Cl, pressure), I.,,=6.3 mA/cm’
(independent of substrate bias voltage), which corresponds to
a positive ion flux of 3.9X10'® em™?s™'. A Cl, plasma gas
temperature of 50050 K was estimated by adding a small
amount of N, to the discharge (1%—20%), and measuring the
“rotational temperature” of the N, second positive
emission.>* Several investigations at higher pressures have
shown that this provides an accurate measure of the transla-
tional temperature of the main plasma gas.” >’ Within the
quoted uncertainty, the gas temperature was independent of
%N,, pressure (0.3 and 1.0 mTorr), and the length of time
that the plasma was on. At 10 mTorr Cl, pressure, the gas
temperature was somewhat higher (650+50 K). The mean
free path at a Cl, pressure of 10 mTorr is ~1 cm, so N, will
undergo several collisions in the discharge zone and equili-
bration between rotational and translational energy is reason-
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able. Below 1 mTorr, however, the mean free path is >10 cm
and therefore exceeds the dimensions of the discharge. Con-
sequently, the rotational temperature may differ from the
translational temperature at the lower pressures.

The substrates used in the laser-induced desorption ex-
periments were n-type Si(100) (P-doped, 5-50 Q2 c¢m). In
etch rate measurements, 5000 A thick, undoped polycrystal-
line Si films deposited on 1000 A of SiO, on Si(100) were
used. The poly-Si etch rate was measured interferometrically
with a 6734 A AlGaAs laser.' Cleaved samples (~1.5X1.5
cm) were clamped to a 1 in. diam stainless-steel sample
holder that can be transferred from the etching chamber un-
der UHV through a load-lock chamber to the analysis cham-
ber. The top of the stainless-steel sample holder was covered
with a 1 in. diam Si wafer that was bonded with indium
solder.

The excimer laser (Lambda Physics Model EMG 203)
was operated at 308 nm (XeCl) and delivered a maximum of
230-150 ml/pulse between 1 and 80 Hz, respectively. The
beam reflected from three mirrors and passed through two
lenses and a quartz viewport before irradiating the surface at
normal incidence, with about half of the initial pulse energy.
The lenses were used to reduce the beam size to a rectangu-
lar spot of 2.6X6.2 mm at the substrate surface. Quartz flats
were inserted into the beam to further attenuate it to the
desired fluence.

Laser-induced fluorescence (LIF) was monitored at a
mean angle of ~75° with respect to the laser beam. Fluores-
cence was dispersed with a 0.35 m focal length scanning
monochromator and detected with a GaAs photomultiplier
tube. Entrance and exit slits widths of either 50 or 150 um
were used, giving a resolution of 1.2 or 3.5 A, respectively.
Imaging optics were used to focus light from the near-
surface region (0—4 mm above the surface) onto the entrance
slit of the monochromator. A boxcar integrator (SRI Model
SR250/SR280) was used to detect the transient signals in-
duced by the ~15 ns laser pulses. The boxcar gate width was
1 us, long enough to integrate over the entire signal pulse.
The signals were recorded with a computer.

lil. RESULTS AND DISCUSSION
A. Nature of the laser-induced fluorescence signal

With the collection optics imaged on the near-surface re-
gion, LIF was detected during Cl, plasma etching when the
laser irradiated the surface at fluences above ~0.2 J/cm?. The
fluorescence spectrum (Fig. 2) indicates that the emitter is
SiCI(B 2= %),2?-30 excited in the gas phase by a fortuitous
resonance at 308 nm with the transitions:

B2 (v'=0)—X Ul (v"=3,4). (1)

Both spin-orbit components (r=1/2 and 3/2) are excited.
The weaker emission between 2730 and 2910 A is likely due
to excitation of v'=1 and 2 from p”=35 and 6.

The fluence and spatial dependencies indicate that the sig-
nal is a resuit of laser-induced thermal desorption of
SiCl(g).17'31‘35 At fluences below ~0.2 J/cm?, no fluores-
cence is observed, indicating that SiCly, LIF is not from
excitation of SiCl [X 2TI (v"=3,4)] that could be present in
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Fic. 2. Spectra recorded during etching of Si(100). Py,=1.0 mTorr, Cl,
flow rate=5.5 sccm, laser repetition rate=10 Hz, fluence=0.50 Jcm®. Top
trace: LD-LIF spectrum during plasma etching. Helical resonator power
=280 W, substrate bias voltage=—34 V dc. Bottom trace: LD-LIF spectrum
with no plasma, due to laser-induced etching. The features at 2772 A are
artifacts caused by diffraction of laser light in the monochromator.

the plasma as a primary product of plasma etching, or could
be formed by electron-impact dissociation of the SiCly,, or
SiCly,) products of plasma etching. This mechanism would
exhibit a LIF signal that would have a linear dependence on
laser fluence (or even sublinear if the transition were near
saturation). Instead, above the apparent threshold near 0.2
J/em?, the signal increases rapidly to a saturation level near
0.6 J/cm®.'” This fluence dependence is a strong indication of
a thermal desorption process resulting from pulsed laser-
induced transient heating of the Si surface. Additional sup-
port for this mechanism is found in the spatial dependence of
the signal intensity. When the collection optics were moved
to detect fluorescence integrated over a volume extending
1-14 mm directly above the irradiated region of the surface,
nearly excluding this near-surface region from view, the LIF
signal was reduced by a factor of ~40. This is expected for
a product like SiCl, that (1) desorbs as a result of laser
irradiation of the surface, (2) is excited by the temporal tail
of the same 15 ns long laser pulse, and (3) fluoresces in a
time so short (10 ns)*® that it moves only a small distance
(<0.1 mm) from the surface before emitting.

This laser desorption-laser induced fluorescence {(LLD-LIF)
process can also be distinguished from laser desorption-
plasma induced emission (LD-PIE) by its spatial and tempo-
ral dependence. LD-PIE results from an enhancement of the
ordinary emission excited by electron impact or other ener-
getic processes. This enhancement occurs when laser-
induced thermal desorption causes a transient increase in
etching product concentrations in the plasma. LD-PIE was
also observed during Si etching in a Cl, plasma by collecting
light from a region several mm above the sample.!” These
desorption products are excited by the PIE process as they
enter the plasma, causing a transient signal. This process is
discussed in more detail elsewhere.!”

A SiCl, LD-LIF signal was also observed when the
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the SiCl, (445 layer thickness (and/or coverage), since most of
the layer has been removed by the time the LD-LIF signal
has decayed to the base line (see discussion below). Note
that the signal intensity with the first laser pulse is nearly
equal to the steady-state level observed during laser-induced
etching, indicating that the thickness of the SiCl, 4 layer
changes little (<10%) for many minutes after stopping the

The SiCl, (545 layer formed during laser-induced etching
is likely to be similar to that formed in UHV studies of clean
Si(100) (2X1). Any oxide or carbon impurities should be
removed in the etching process. The surface is heated near,
or to the melting point on each pulse. A similar laser-
annealing process has been reported to prepare a well-
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Fic. 3. LIF intensity of laser-desorbed SiCl (2924 A) as a function of time.
The open squares show steady-state laser-induced etching of Si by Cl,, and
then etching with the plasma suddenly turned on (at 0.33 min) and off (at
1.25 min). Laser repetition rate=5 Hz. Other conditions are the same as for
Fig. 2. The solid symbols show the time dependence of desorbed SiCl after
chlorination with the plasma off (A) and on (@), and subsequent pump-

down. The times for these last two traces were offset so that they were near

the respective steady-state traces.

plasma was off, due to laser-induced etching in the presence
of Cl,. This fluorescence spectrum, also shown in Fig. 2, is
virtually identical to that observed during plasma etching,
except that the intensity is about half as large. The fluence
dependence for this process is similar to that observed for
LD-LIF during plasma etching, except that the threshold fiu-
ence is higher (~0.35 J/em?). Aliouchouche ez al.®! have re-
ported desorption of SiCly, accompanying XeCl excimer
laser-induced etching of Si(100) in a Cl, ambient. Using
time-of-flight mass spectrometry, Boulmer et al 3> have
shown that SiCl, is a major product of XeCl excimer laser
induced etching of Si(100) by Cl,.

The time dependence of the formation of the silicon chlo-
ride (SiCly,q5)) layer that gives rise to the SiCly,) LD-LIF
signal was investigated. The monochromator was set to a
wavelength of intense emission (2924 A), and the signal was
recorded for every laser pulse as a function of time. Back-
ground measurements were obtained by stopping the Cl,
flow and evacuating the reacior to a pressure (P) of
~1X1077 Torr. A typical series of measurements is shown in
Fig. 3. Similar measurements have been presented
elsewhere.’

The signal observed during laser-induced etching (plasma
off) remained nearly constant for minutes (two portions of
which are shown in Fig. 3) as the sample was exposed to
several thousand laser pulses. In some cases, the laser was
first blocked and then the Cl, was pumped away
(P~1x10"" Torr). When the laser shutter was opened, a
LD-LIF signal was observed from SiCly, that decayed to
baseline within ~35 pulses. A typical decay is included in Fig.
3, with its arbitrary starting time shifted to facilitate compari-
son with the steady-state laser-induced etching signal. Sig-
nals decayed exponentially over a tenfold decrease, with a
“lifetime” (1/e) of 1.0x0.1 laser pulses at a fluence of 0.5
J/em®. The area under these decay curves is proportional to
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ordered (2% 1) surface.®” Since the surface is hot for only a
short time, most of the dosing occurs when the sample is
near room temperature. When clean Si(100) (2X1) is dosed
with Cl, in UHV at room temperature, a saturated coverage
of 4.8%10™ cm™ of Cl is found.”®>® The SiCl, (5, layer is
believed to be composed of ~70% SiCl .4, and ~30% un-
chiorinated Si.>® Photoemission measurements show that the
Si(100) surface is covered with about one monolayer (ML)
of SiCl,45), @ small amount of SiCl,,4, (0.1 ML), and no
detectable SiCls(ygs - *

When the plasma was turned on while steady-state laser-
induced etching was in progress, the SiCly, LIF signal im-
mediately doubled [within one laser pulse at 5 Hz (see Fig.
3)], and then remained constant for at least several minutes.
The converse is also true; when the plasma was turned off,
the signal quickly droped by a factor of 2 (see the trace on
the far right-hand side of Fig. 3). The increase in signal with
the plasma on is partly due to the more weakly bound
SiCl,(ags) layer that forms during plasma etching'”*! and de-
sorbs at a lower temperature, and hence lower fluence as
described above. However, the fluence was high enough in
the measurements presented in Fig. 3 (and the following fig-
ures) that both the plasma-on and plasma-off measurements
were near saturation. Consequently, the predominant reason
for the increase in the SiCl,) LD-LIF signal when the plasma
is turned on is that the SiCl, .y layer present during plasma
etching is thicker and/or more highly chlorinated (ie., x
closer to 2) than the layer formed by exposing clean Si(100)
to Cl,. A more highly chlorinated layer is supported by XPS
measurements described below.

In the last trace shown in Fig. 3, the laser was blocked and
the plasma left on for a few seconds to form a fresh plasma-
exposed surface, and then the plasma was extinguished and
the Cl, was pumped away (P~1X 107 Torr). When the laser
shutter was opened, the SiCl,, LD-LIF signal intensity de-
cayed exponentially to base line with a lifetime of 1.2x0.1
pulses, similar to what was found in laser-induced etching.
The area under these decay curves is 2.2 times that of the
decay curves described above that were recorded after expo-
sure to Cl, with no plasma. This suggests that the SiCl, 44
plasma-exposed layer is about twice the thickness or has
double the chlorine content, i.e., a coverage of 1.0x10"
Clem?, provided that most of the product has been removed
at base line (see discussion below). In addition, the signal
intensity for the-first pulse (after pumping away the Cl,) was
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found, on average, to be nearly equal to the signal observed
for steady-state plasma etching (Fig. 3), indicating that the
thickness or composition of the SiCl, 4 layer present in
plasma etching does not change appreciably (<10% decrease
in signal after 5 min) when the plasma is extinguished and
the Cl, is pumped away. Consequently, XPS measurements
carried out after etching and then transferring the sample
under vacuum to the analysis chamber'® are representative of
the surface present during etching.

B. Supportive XPS measurements

XPS measurements were made to quantify the Cl cover-
ages under steady-state laser-induced etching and plasma
etching conditions. Samples were etched with the laser only,
the laser was blocked, the Cl, flow was stopped and the
reactor was evacuated to ~107% Torr. The samples were then
transferred under vacuum to the UHV chamber. A Cl(2p)/
Si(2p) signal intensity ratio of 0.60 was observed. This then
corresponds to 4.8 X 10'* Cl/em?, which is the saturation cov-
erage that has been reported for clean Si(100) (2X1) dosed
with Cl, at room temperature.38 Next, plasma-etched samples
were prepared and then transferred to the XPS chamber. A
CI(2p)/Si(2p) ratio of 1.0 was observed, both in regions far
from the laser beam and in the region irradiated by the laser,
provided that the laser was blocked before the plasma was
extinguished. Since the 1/¢ escape depth for electrons with a
kinetic energy of 1388 eV is ~10 A at a takeoff angle of 30°,
the Si(2p) signal comes mainly from the subsurface Si sub-
strate. We estimate that the presence of 5X10™ Clicm? will
attenuate this Si(2p) signal by about 10%. Therefore the
presence of an additional 5%10"* Cl/cm? on plasma-exposed
surfaces will attenuate the Si(2p) signal by an additional
10% over the attenuation of the Si(2p) signal on laser-
etched samples. Consequently, the ratio of Cl coverages on
plasma-etched versus laser-etched samples is 1.0/(0.9X0.60)
or 1.9. This is close to the ratio of 2.2 observed for the
integrated SiClgy LD-LIF signals on plasma-etched and
laser-etched samples, and to the twofold increase in the
steady-state signal when the plasma is suddenly turned on
after laser-induced etching is established. Consequently, the
SiCl(y LD-LIF signals are a quantitative relative measure of
Cl coverage.

After plasma etching without laser irradiation, high reso-
lution XPS measurements were made of the Si(2p) peak to
determine the nature of the SiCl, 45 layer. A sample spec-
trum is shown in Fig. 4 for Si(100); indistinguishable results
were obtained for undoped poly-Si. The presence of muitiple
Si-chloride species is evident as a structured tail extending 3
eV above the binding energy of the strong bulk Si peak at
99.4 eV. Whitman ez al.*? have used soft x rays from a syn-
chrotron source to characterize Si(111) surfaces after dosing
with Cl, in UHV. They found three peaks shifted by 0.88,
1.65, and 2.72 eV from the bulk Si peak and assigned them
to SiCligq), SiCly(ygs) and SiCly a5y, respectively. Conse-
quently, we fit four peaks to the spectrum observed in the
present study. The nonlinear least-squares fit yielded binding
energy shifts (relative to bulk Si) of 0.74, 1.81, and 2.93 for
the respective Si chlorides, in excellent agreement with the
results of Whitman er al.*> The area ratios of these three
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FiG. 4. Si(2p) XPS spectrum for Si(100) after etching in a Cl, plasma,
without laser irradiation. The 2p 1/2 component has been removed, assum-
ing a spin-orbit splitting of 0.61 eV and a 1/2:3/2 intensity ratio of 0.52:1
(Ref. 42). The photoelectron takeoff angle was 20° with respect to the sur-
face plane. The plasma conditions are listed in the caption for Fig. 2. The fit
(solid line) includes four peaks (dashed lines) with 50% Gaussian/50%
Lorentzian line shapes. No parameters were constrained during the iterative
fitting procedure. The peak intensities (), half-width at half-maximum
(HWHM), peak binding energy (BE), and integrated peak intensities
(AREA) for the four peaks are given in the table contained in the figure. The
relative areas for SiCL:SiCl, :SiCl; are 1.00:0.84:0.25.

peaks were 1.00:0.84:0.25, meaning that 71% of the chlorine
on the surface is in the form of the di- and trichlorides.
Because the peaks are not resolved, there is considerable
uncertainty in the peak widths and thus relative proportions
of SiClyg and SiCly,gy. However, the sum of
SiClyygs) + SiCly(aqs) peak areas relative to SiCl,y, is much
more precise and so the conclusion that during exposure to
the plasma most of the adsorbed Cl is present as higher Si
chlorides remains unaltered.

As noted above, when Si(100) is exposed to Cl, in UHV,
SiCl,q4s) is the predominant species, and only a small amount
of SiCl, (44 18 present.‘w Taken with the results of the present
study, we therefore conclude that during laser-induced etch-
ing the surface is terminated mainly by SiCl, 4 groups, but
exposure to the plasma greatly increases the coverage of
SiCly(agsy and SiClj(yg . Since SiCly,y is converted to
higher chlorides in this process, the coverage of SiCl,y,, is
actually less on Si(100) surfaces exposed to the plasma. At
first, these results seem at odds with the fact that at high laser
fluences, the SiCly,) LD-LIF signal with the plasma on is
twice that measured with the plasma off. While plasma ex-
posure is likely to increase the SiCl,, laser-desorption yield,
apparently the rapid heating rate and high peak temperature
in the LD-LIF process also cause dissociation of SiCly .4
and SiCly(,g5) to form SiCli,q, , followed by desorption of
SiCl . This requires chlorination of Si below the SiCl,(,q,
layer, which would be aided at surface temperatures near the
melting point. Aliouchouche et al.*! have invoked a mecha-
nism to explain SiCl laser desorption in which adsorbed Cl
diffuses into molten Si and then segregates to the surface
during solidification. From the dependence on Cl, flux, Boul-
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mer ef al.3? concluded that the SiCl laser-desorption yields
are proportional to Cl coverage. This mechanism also sug-
gests that the SiCl, laser-desorption yield should continue
to be proportional to Cl coverage at the higher coverages
obtained with plasma exposure, as observed in the present
study.

Attempts were made to measure the residual Cl coverage
after multiple pulse irradiation with no plasma or Cl, flow by
quickly transferring the sample to the XPS chamber. The Cl
coverage measured by XPS after this procedure varied from
about half of that observed after saturated exposure to Cl,, to
only slightly less than this saturation coverage. Unfortu-
nately, the residual Cl, partial pressure in the plasma reactor
30 min after etching (as high as 100% of the ~7x 1078 Torr
base pressure) causes the surface to be rechlorinated in the 1
min period between this multiple pulse irradiation and trans-
fer to the analysis chamber. Rechlorination was verified by
carrying out sequential, multiple pulse LD-LIF measure-
ments in the plasma reactor at 1 min intervals. The signal on
the first pulse of each of these irradiations was much higher
than the base line signal, indicating that rechlorination had
occurred. Removal of most of the Cl by multiple pulse irra-
diation is expected from the laser-induced etching studies of
Aliouchouche et al.>! At fluences near saturation, they found
that 80% of the Cl is removed in the first pulse. While their
decays were somewhat nonexponential, they nonetheless in-
dicated that more than 90% of the Cl was removed by mul-
tiple pulse irradiation.

C. LD-LIF parametric study of Cl, plasma etching of
Si(100)

The SiClg LD-LIF signal intensity observed during
plasma etching is plotted in Fig. 5 as a function of power
supplied to the helical resonator. The signal intensity in-
creases rapidly above 0 W (the laser-induced etching rate
level) to roughly double that value at ~100 W. Above this
power, the signal (and hence the steady-state SiCl, 45 layer
thickness) is independent of power. Etch rates (Fig. 5) rise
less steeply at low power, and saturate at a higher power.
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FiG. 6. SiCl LD-LIF signal intensity (M) and etch rate (O) vs substrate bias
voltage. Other conditions are the same as for Fig. 2.

Also plotted in Fig. 5 is the saturated ion current density (/)
measured with the Langmuir probe biased at —100 V dc. The
ion current saturates above 250 W at a value of 6.3 mA/cm?,
corresponding to an ion flux of 3.9 10! cm™2 s™!. The etch
rate closely follows 1, , suggesting that the etch rate is lim-
ited by the ion bombardment flux.

In Fig. 6, the dependence of the SiCl,, LD-LIF signal is
given as a function of dc self-bias voltage resulting from rf
bias of the substrate holder. The dependence of the etch rate
on bias is also presented in this figure. The signal increases
linearly by 25% as the dc bias voltage decreases from 0 to
—125 V. This could be caused by an increase in Cl coverage
with increasing bias and/or by the formation of a more
weakly bound species at higher bias such that the amount of
product desorbed per pulse increases. To distinguish between
these two mechanisms, decay measurements like the one
shown in Fig. 3 were performed at four bias voltages (two
each at 0, —36, —80, and —125 V dc). The integrated inten-
sity of the decay curves (proportional to the total Cl cover-
age), the signal on the first laser pulse, and the steady-state
signal all increase with bias in a similar way. Therefore, the
increase in the steady-state SiCl(,) LD-LIF signal with bias is
primarily a reflection of an increase in Cl coverage.

The pressure dependence of the SiCly) LD-LIF signal is
shown in Fig. 7 as a function of pressure at constant power
applied to the helical resonator source. The 1f bias voltage
was not intentionally changed, but did vary from —31 V at
0.5 mTorr to —39 V at 20 mTorr. The SiCl, LD-LIF signal
increases by 7% between 0.2 (the lowest pressure at which a
stable plasma could be sustained) and 1 mTorr, and then falls
by 8% between 1 and 20 mTorr. This indicates that the
SiCl, 45y layer thickness saturates at a very low pressure, and
that etching is not limited by chlorination of the surface. The
saturated ion current density (and so ion flux) is also nearly
independent of pressure. These weak pressure dependences
suggest a similar weak dependence of the etch rate on pres-
sure. This is confirmed in Fig. 7; between 0.5 and 10 mTorr,
the etch rate is nearly constant.

The dependence of the LD-LIF signal on the laser pulse
repetition rate is given in Fig. 8 for Cl, pressures of 1.0 and
0.3 mTorr. At 1 mTorr, the signal recorded with the plasma
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Fic. 7. SiCl LD-LIF signal intensity (M), etch rate (O), and I, (+) vs Py,
I, can be obtained by multiplying the left y-axis scale by 2.8 (i.e., I, =6.2
mA/cm? at 1 mTorr). Other conditions are the same as for Fig. 2.

on decreases by 30% between 1 and 80 Hz. During plasma
etching at 0.3 mTorr, the decrease in intensity with increas-
ing repetition rate is more severe than at 1 mTorr. The signal
falls from its limiting value at low repetition rates to 1/e of
this value at 50 Hz. This corresponds to an apparent first-
order rate constant for the formation of the chlorinated layer
during plasma etching of about 1.7x10° s™! Torr ™.
Oxygen is often added to Cl, discharges to improve se-
lectivity with respect to SiO, or to reduce undercutting of the
mask. The slowing of the SiO, etch rate is accompanied by a
proportionately smaller reduction in the Si etch rate. This is
due to formation of a steady-state coverage of a Si-oxide
layer that is competitively being deposited and etched. Oxi-
dation competes with chlorination. LD-LIF measurements
were performed to determine the thickness of the SiCl, 45
layer as a function of oxygen fraction at a constant total
pressure of 1 mTorr (Fig. 9). Also plotted in Fig. 9 are the
etch rates measured for poly-Si samples. Both the SiCl, 445
coverage and etch rate exhibit a rapid falloff above ~20%
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Fic. 8. SiCl LD-LIF signal intensity and Cl coverage vs laser repetition rate
for Pcy,=1.0 (O} and 0.3 (M) mTorr. Other conditions are the same as for
Fig. 2. The solid lines are model predictions with Cl, as the only source of
surface chlorination, and a sticking coefficient of S¢;,=0.15. The dashed
line indicates the Cl coverage from CI2 impingement alone.
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FiG. 9. SiCl LD-LIF signal intensity (W) and etch rate (O) vs %0, in C1,/O,
plasmas. Total pressure= 1.0 mTorr. Total flow rate=5.5 sccm. Other condi-
tions are the same as for Fig. 2.

added O,, suggesting that formation of SiO, .4, on the sur-
face begins to dominate and hence stop the etching process
above 20% O,.

D. Etching mechanisms

Several mechanisms have been proposed for etching of Si
in pure Cl, plasmas (see, e.g., Refs. 43-45, and references
cited therein). All involve ion-bombardment enhancement of
the reaction of Cl, and Cl with Si to form volatile silicon
chloride products. The etching mechanism can be divided
into chlorination reactions: :

Clagy+2Siquty— 28iClgys @
Cl(g)+ Sigsurtpuy— SiCl(aas)s 3)
Clig) + SiCl(aas)— SiClyaay) @)
Cl3 + nSijgupug+ (2~ 0)SiCliygg

—1S8iCl(yg5) + (2 — 1) SiCly 4g) (5)

and ion-bombardment stimulated desorption of Si-chloride
products:

Cl + Sigpug+ SiCli(agey— SiCly(g) + SiClyads) » (6)

where n=0, 1, or 2, and surf and bulk represent a surface or
subsurface Si atom, respectively. From mass balance, x +2
=y+z if no other Si products (e.g., S1,Cls) desorb and no
Cl, desorbs or recoils. In fact, some desorption and/or recoil-
ing of Cl, is expected. In general, ions in the 20-200 eV
energy range are neutralized and dissociated on impact with
surfaces.*® Reaction probabilities (i.e., sticking coefficients)
on clean surfaces are typically 0.4-0.8. Sputtering and re-
coiling of the primary constituents of the ion beam (Cl, or
possibly Cl atoms) increase with coverage, and so are ex-
pected to be more important in reaction (6) than in reaction
5).

We assume that Cl, will only chlorinate the surface up to
a saturated coverage of SiCl 4, , and ignore small added
coverages of higher chlorides (SiCly(yy) and SiCly(nyg),
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found in UHV photoemission studies,‘m‘42 that could form as
a result of Cl, impingement. The higher chlorides (x=2,3)
found in the present study by XPS (Fig. 4) are assumed to be
formed through Cl atom and Cl; impingement. Specific re-
actions to form SiCl;(,q,) , analogous to reactions (4) and (5),
are left out and are likely to be of only small added impor-
tance. We also assume that the predominant ion is ClJ .
Strong  optical  emission was  detected  from
Cl3(A *I1,—X *I1,) in the 4000-5000 A region,? and no
emission from Cl* was observed at the expected wave-
lengths of 3844, 3851, and 3861 A. Previous optical emis-
sion and mass spectrometric studies of a Cl, plasma have
shown that the appearance of C1* in the plasma is accompa-
nied by strong optical emission at these wavelengths.‘w Even
if the predominant ion were in fact C1*, the overall conclu-
sions derived below would not be altered. Finally, more than
one product species could form; SiCly,), SiCly), and SiCl,
have all been reported as products of ions stimulated etching
with a simultaneous flux of Cl,.*

The LD-LIF measurements in Figs. 5, 6, and 7 indicate
that chlorination of the surface is only weakly dependent on
conditions over the ranges of plasma source powers (0.2-1.0
W/cm?), substrate dc bias voltages (from 0 to —50 V), and
pressures (0.5-10 mTorr) commonly used in high-density
plasma etching. This suggests that the surface reaches satu-
rated coverage by chlorine on a time scale that is short com-
pared to the etching rate, and that the etching rate is not
limited by the flux of chlorine to the surface, i.e., the sum of
the rates of reactions (2)—(5) is fast with respect to reaction
(6).

- The relative importance of reactions (2)—(4) depends on
the percent dissociation of Cl,, the sticking coefficients of
Cl, and Cl on Si, and Cl coverage. We have not determined
the percent dissociation of Cl, in these experiments. Studies
carried out mostly at higher pressures and lower plasma den-
sities found that pure Cl, discharges are generally rather
weakly dissociated.**"3® No measurements of Cl, dissocia-
tion have been made in the downstream region of a helical
resonator plasma. The closest comparison is with measure-
ments reported by Ono ef al.** downstream from an electron
cyclotron resonance (ECR) plasma, where they found ~1%
dissociation between 1 and 10 mTorr, with Si etch rates com-
parable to those in the present study. A low percent dissocia-
tion may be expected in the present study because of the high
probability for Cl-atom recombination on the stainless-steel
walls. If a similar, low percent dissociation occurs down-
stream from the helical resonator plasma, then chlorination
of bare Si sites by Cl, would be more important than by Cl
unless the sticking coefficient for Cl, is much lower than that
for Cl. Sticking coefficients have been measured by Kum-
mell and co-workers®"*? for Cl, on clean Si(100) (2X1) and
Si(111) (7X7) single-crystal surfaces. At a Cl, beam energy
of 0.042 eV (corresponding to 500 K) a sticking coefficient
of 0.4-0.5 was measured, depending only weakly on crystal
orientation and surface temperature (at temperatures relevant
to plasma etching, 300-500 K). The sticking coefficient de-
creases linearly with increasing Cl coverage and reaches zero
at saturated coverage. No measurements have been reported
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for the sticking coefficient of Cl atoms on Si and its depen-
dence on coverage.

From the dependence of the SiCl,) LD-LIF signal on the
laser repetition rate, we can estimate the relative importance
of Cl,, Cl atoms, and ClS in chlorinating the surface, and in
some cases obtain bounds for sticking coefficients. If we
assume Langmuir adsorption with simple first-order kinetics,
we can derive the following expression for the dependence
of the SiClyy LD-LIF signal (/gic;) on the laser repetition
rate:

1—exp(—PS/rog)
1=(1—F)exp(—DS/rog)|’

Iso=cFO=cF6g (7)
where F is the fraction of the chlorine coverage that is re-
moved per laser pulse, HbC] is the chlorine coverage just be-
fore the laser pulse, c is a proportionality constant, S is the
sticking coefficient at an adsorption site (S=0 is assumed at
a fully chlorinated site), r is the laser pulse repetition rate,
and 6, is the saturated coverage of Cl during exposure to the
plasma with no laser irradiation (1.0X10" Clicm?, see
above). From the data presented in Fig. 3 and other measure-
ments, we determine that F=0.57. ® is the flux of Cl to the
surface (e.g., twice the Cl, flux if Cl, were the only impor-
tant source of Cl). Equation (7) is valid if the rate of chlori-
nation is fast compared to the rate of formation of new ad-
sorption sites via reaction (6). The term @S in Eq. (7) can be
expressed as the individual contributions by Cl,, Cl atoms,
and Clj :

P5=2®,Sa,+ PaSat 2Py St (®)

where @ and S are fluxes and sticking coefficients for the
subscripted species.

In Egs. (7) and (8) we have assumed a single type of
adsorption site. This is an oversimplification for all species,
especially for Cl,, which is expected to have a very low
sticking coefficient at coverages greater than #5/2. We also
assume that Cl} requires a site for adsorption. It is more
likely that at a bare site, reaction (5) is favored over reaction
(6), while on a fuily chlorinated site, reaction (6) is more
probable than reaction (5). This would make chlorination by
Cl; appear “Langmuir-like,” but with a dynamic “saturated
coverage” that depends on Cl; flux and energy.

The Cl, flux is given by

Pq,

\V 2 #mClszg

where P, is the Cl, pressure. The Cl-atom flux can be ob-
tained from an analogous expression with the partial pressure
and mass of Cl substituted for Cl,. From the rotationally
resolved N, second positive emission spectrum we estimate
that the gas temperature, 7,=500 K.

The change in Cl coverage in reaction (6) is z —x(=2—y),
while in reaction (5) it is 2, If we note that for y=2, no
change in Cl coverage occurs in reaction (6) and so is
equivalent to Cl; not sticking, then we can write a general
expression for an effective fraction of Cl; that recoils at
saturated coverage:

9)

(1)012 =noyv 012/4 =
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faZ1-Y(E.0a)y/2, (10)

where Y(E,f) is the ion energy and Cl-coverage depen-

dent, chemically enhanced sputtering yield (Si atoms per

ion). Negative féflﬁ values would indicate a net reduction in
2

Cl coverage because of ion bombardment. Positive values
indicate recoiling by C13 or sputtering of Cl, and Cl atoms
from the surface by Cl;.

If we start with the simplest case of 0% Cl atoms, and
ignore chlorination by ion bombardment, we then derive
S¢1,=0.15 from the fits of Egs. (7)—(9) to the two sets of data
in Fig. 8 (solid lines). This low sticking coefficient, com-
pared to the 0.4-0.5 values reported for clean $1,°%2 s rea-
sonable, since it is effectively an average sticking coefficient
up to a coverage of twice that which is possible with Cl,
impingement alone. Even with a sticking coefficient as low
as 0.15, Cl, is important in chlorinating bare Si sites over the
pressure range in this study.

Cl atoms and Cl; are expected to be important in chlori-
nating Si to roughly double the amount observed with Cl,
exposure with no plasma. If the gas were only 2% Cl atoms,
as found by Ono et al.* in an electron cyclotron resonance
(ECR) plasma, and S were unity, then Cl would contribute
only about 10% to the total surface chlorination at 0.3 mTorr,
but could contribute 100% of the surface chlorine above sev-
eral mTorr total pressure. If on the other hand, the gas were
>10% Cl atoms, then Cl atoms could be important in the
chlorination process even at 0.3 mTorr. Enhanced chlorina-
tion by Cl atoms has been reported by Winters and Coburn.**
In their experiment, the etch rate of Si(111) exposed to Cl
atoms and Cl, and then bombarded with 2 keV Ar* was
about three times that for etching with ion bombardment and
Cl, only. They interpreted this enhancement as evidence for a
thicker Si-chloride layer.

Perhaps more important than Cl atoms is chlorination by
Cly. The flux of Cl; is 3.9%x10" cm 257!, and is nearly
independent of pressure (Fig. 7). At 0.3 mTorr, the flux of Cl,
is 5.6X10'® cm™?s™!. The ion flux is therefore likely to be
larger than the Cl atom flux at Jow pressure. To determine the
role of ClJ in the chlorination process, the chemically en-
hanced sputtering yields and Si-chloride product stoichiom-
etry must be known.

Sputtering yields in the present study were derived from
ion saturation current measurements and etch rate measure-
ments presented in Fig. 6. An expression for the etch rate
(ER, Si-atoms/cm’s) can be derived from the mechanism
presented above, with reaction (6) as the rate-limiting step

ER:(I)CQ[Y(E,GCD]“(9c1)(®c12+)[Y(E)]a (11)

where Y(E) is the yield at a nominal, constant Cl-coverage.

The ion energy (E) was assumed to be equal to the
plasma potential (50 V) minus the dc bias voltage of the
substrate holder. The yields, plotted versu yE in Fig. 10,
range from 0.38 at 50 eV to 0.60 at 125 eV. Apparently,
sputtering yields have not been reported for ClI; at the low
energies of interest in this study. Oostra et al.>® have reported
sputtering yields for Si(111) by Ar" at a Cl, flux of 1x10!7
em~2s”! high enough to achieve saturated coverage. They
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FiG. 10. Si etch rates and sputtering yields (Si-atoms-per-ion) vs ion energy.
The dashed curve is a least-squares fit to Eqs. (11) and (12), where 6, is
assumed to be proportional to the SiCl LD-LIF signal shown in Fig. 6. The
solid curve is a linear least-squares fit, assuming that the sputtering process
does not depend on Cl coverage near saturated coverage.

found an approximate (E dependence between 1000 eV
(yield=3.0) and 100 eV (yield=0.75), and a more pro-
nounced decrease in the yield (=0.25) at 50 eV.

If we use a value of Y(E,f:)=0.5 (at a bias voltage
V dc=—36) and assume an average stoichiometry of SiCl,,
for the etch product, then from Eq. (10) fzfg =(0.5. This high

o, . .
value for fﬁcﬁ indicates that some Cl, desorbs or recoils dur-
2

ing ion bombardment, and/or that the average product is
more highly chlorinated than SiCly). Assuming the latter is
not the case and that sputtering does not occur at a bare
Si-site substituting SC,2+= 1-f ;ff into Egs. (7) and (8) and
setting S¢y, and §¢;=0 we can estimate the importance of
Cl3 alone to the chlorination process. This calculation is in-
cluded in Fig. 8. The computed Cl coverages exceed mea-
surements at 0.3 mTorr and are nearly equal to those ob-
served at 1.0 mTorr, indicating that Cl3 alone could be
sufficient for chlorinating the surface to near saturated cov-
erage in the plasma.

A (E dependence for sputtering yields is usually inter-
preted in terms of a collision-cascade mechanism. On the
other hand, in a more recent study by Oostra et al>* the
velocity distributions of products of low-energy ion-assisted
etching were presented as support for a local hot-spot model,
i.e., single ions transiently heat a small region and promote
thermal reactions that lead to product desorption. Stein-
bruchel has reported an expression for the energy depen-
dence of ion-enhanced chemical sputtering yield by a
collision-cascade process® >

Y(E)=A(E'"?-EQ", (12)
where E}? is a threshold energy and A is a proportionality

constant. Using data of Qostra et al.>® Steinbruchel® esti-
mated E}2 of 17 eV for Ar” sputtering of Si in the presence
of Cl,. The threshold energy for a collision cascade, physical
sputtering process has a complicated dependence on the
masses of the projectile ion and target atoms.>® When the
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masses of the jon and substrate atoms are similar, E,, for a
given substrate is approximately proportional to the square
root of the mass of the ion. Consequently, the value for E,
for Cl; might be expected to be 30% higher than that for
Ar™. On the other hand, since Cl, will dissociate on impact,
the mass dependence may approach that of CI* (and Ar™). In
addition, the formation of SiCl bonds lowers the surface
binding energy*! (U s in physical sputtering collision cascade
theory), and correspondingly E; may be still lower.

It is unclear how well Eq. (12) describes the low energy
ion dependence in the local hot-spot model proposed by Oos-
tra et al.>* Nonetheless, we can compare the predictions of
Eq. (12) with our measured etch rates. The dashed curve in
Fig. 10 represents a least-squares fit of Egs. (11) and (12) to
the etch rate data, with relative values of 6 taken from the
linear fit to the SiCl, LD-LIF measurements in Fig. 6. The
model predicts a negative E,, and is therefore unreasonable.
If on the other hand Y(E, 6)) deviated from Eq. (11) and the
etch rate were independent of 6y near saturated coverage,
then the sputtering yields would follow a vE dependence
with a threshold energy near zero (solid line, linear least-
squares fit in Fig. 10).

The low sputtering yields presented in Fig. 10 and the
importance of Cly in forming the saturated chloride layer
indicate that anisotropic etching in low pressure, high charge
density plasmas proceeds by a different mechanism than oc-
curs in reactive ion etching (RIE). In the RIE process, ion
energies are several hundred eV and yields of several Si
atoms-per-ion require chlorination predominantly by imping-
ing neutral species. In high density plasmas on the other
hand, the high flux of low energy ions provides enough chlo-
rine to form SiCly, at the observed etch rates, although the
major product in likely SiCl, ) and possibly some SiCl R
Therefore, one expects a collision cascade mechanism or a
local hot-spot model for anisotropic etching to be compli-
cated by the role of dissociative chemisorption of CI3 .

Finally, the dependence of the etch rate on the percent
added O, (Fig. 9) indicates that the etch rate falls more
abruptly than does the fractional coverage of Cl. This sug-
gests that formation of SiO,Cl, species on the surface are
important in suppressing etching of Si, and that the surface
need not be converted completely to SiO,.

IV. CONCLUSIONS

Laser-induced desorption, combined with laser-induced
fluorescence detection of SiCly,), has been used to study the
SiCl,(a45) layer present during etching of Si in a high density,
low pressure helical resonator plasma of pure Cl, and mix-
tures of Cl, and O,. The SiCl, (.4, layer present during etch-
ing contains about twice as much CI (mainly as SiCly,q45) and
SiCly(,q5)) as the saturated layer formed by exposing Si to Cl,
in the absence of a plasma. Chlorination of the surface dur-
ing etching is attributed to Cl, impingement up to a coverage
of 5X10'" Cl/cm?, and to Cl-atom impingement and CI3
dissociative chemisorption up to a saturated coverage of
1x10% Cl/cm®. At pressures above ~0.5 mTorr, the
SiCl,(a4s) layer reaches saturated coverage on a time scale
that is short compared to the etch rate. Up to the highest
powers and dc bias voltages investigated, no falloff was ob-
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served in SiCl, 4 thickness, indicating that ion flux still
limits the rate of desorption of etch products, and therefore
the etch rate, even in these low pressure, high-charge density
plasmas. The ion-enhanced etching process at the lowest ion
energies investigated has a threshold energy near zero. The
low sputtering yields (0.38 and 0.60 Si atoms-per-ion at 50
and 125 eV, respectively) suggests that a substantial amount
of the chlorine required to form volatile SiCl,(g) products is
supplied by the impinging ions, unlike the mechanism in the
higher ion energy, reactive ion etching process.

The thickness of the SiCl,(,4 layer does not decrease
appreciably after the plasma is extinguished and the gas
pumped away. Consequently, post-etching surface analysis
measurements on samples that are transferred under UHV to
the analysis chamber provides information on the surface
that was present during etching.
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