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The use of laser desorption (LD) to desorb species from the surface and laser-induced fluorescence (LIF) to detect
them in the gas phase during etching of Si(100) in a high-charge-density plasma of Cly and Cl; /HBr mixtures
is reviewed. The LD-LIF intensities of SiCl and SiBr are used to track the surface coverages of SiClg(ags) and
SiBrg(aqs), respectively, as a function of RF power, DC bias, and partial pressure, and as a function of time when
the plasma is turned on and off. In-line X-ray photoelectron spectroscopy (XPS), the use of which is validated
by these in situ LD-LIF studies, is employed after etching to calibrate the surface coverages obtained from the

LD-LIF measurements.
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1. Introduction

Despite considerable effort, plasma etching mecha-
nisms are still not well understood. In particular, devi-
ations from ideal anisotropic etching are often observed
and are the subject of many current investigations. Most
experimental and theoretical studies have dealt with the
gas-phase plasma physics and chemistry. Fewer stud-
ies have been performed on plasma-surface interactions,
although many important interactions occur on the sur-
face. Most of these have involved surface analysis after
etching or have simulated plasma conditions in beam ex-
periments conducted under high vacuum. Such postetch-
ing or high-vacuum, nonplasma environments are neces-
sary to allow conventional electron-detection-based sur-
face analysis techniques to be used. To understand and
better control etching processes, real-time surface diag-
nostic techniques are required that are not based on elec-
tron spectroscopy.

As with earlier, well-established gas-phase probes, op-
tical diagnostic methods hold great promise for prob-
ing the surface during plasma processing. For exam-
ple, infrared (IR) optical absorption is one technique
that can be applied, and a study of etching of Si in
a chlorine plasma has recently been published.?) Sur-
face IR absorption is weak, however, and Si-Cl vibra-
tional frequencies are low, so that special wedged sub-
strates, sometimes with buried metal layers, are required
to obtain sufficient sensitivity. Recently, we reported
a laser-desorption laser-induced fluorescence (LD-LIF)
technique for measuring Cl and Br coverages on Si dur-
ing etching in high-density Cl,/HBr plasmas.> Laser
pulses are used to heat the surface rapidly and desorb
silicon monohalide molecules that are detected by LIF.
The LD-LIF technique can be applied at the pressures
typically used in plasma etching, or at higher pressures.
When laser-induced thermal desorption (LITD) is used
to study surface reaction kinetics in ultrahigh vacuum
(UHV),*® desorbing species are normally detected with
a mass spectrometer. Recently, LITD with mass spectro-
metric detection has also been used to measure chlorine
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and fluorine coverages during silicon plasma etching.!?
LD-LIF is capable of detecting coverages of < 0.1 mono-
layer in plasma environments with a time resolution of
less than 0.02s. We review work recently reported in
refs. 3-5 on the use of LD-LIF to study the surface in
situ during plasma etching of silicon, and also provide
insights into the mechanism of the etching process that
were drawn from these observations.

2. Experimental Methods

The experimental apparatus used in the laser desorp-
tion experiments is shown in Fig. 1. The plasma reac-
tor consists of a helical resonator source (11.2 MHz, RF
power to 300 W) and a stainless steel downstream cham-
ber, along with two 100G solenoid magnets.?-3 11,12)
The substrate stage is radio-frequency (RF)-biased
(14.5 MHz) to achieve DC bias voltages of 0 to —120V.
The charge density above the Si(100) substrate (n type,
P doped, 5-50Q - cm) in the downstream chamber was
1-2 x 10" cm™® (as measured for argon plasmas). In
some experiments the surface was analyzed by LD-
LIF during etching in a pure Cl, plasma,>*% while in
others it was examined for Cl,/HBr plasmas with the
Cl,/(HBr + Cl,) ratio varied from 0 to 1. Cl,/HBr to-
tal flow rates of 2-17 sccm and pressures of 0.6-20 mTorr
were used. The surface was also examined during expo-
sure to Cl,/O, plasmas.? The ion flux to the surface was
measured with a Langmuir probe (PMT Fastprobe). The
plasma potential was 50V, independent of DC bias. Etch
rates were measured by laser interferometry on polycrys-
talline Si films on 1000 A SiO, atop Si(100) substrates. A
UHV load-lock chamber connects the plasma reactor to
a UHV chamber equipped for X-ray photoelectron spec-
troscopy (XPS), allowing samples to be transferred to
this chamber after etching and analyzed without expo-
sure to air.

The LD-LIF detection apparatus is mounted on the
plasma chamber (Fig. 1). It consists of a XeCl excimer
laser (308 nm), imaging optics to collect the fluorescence
and a monochromator equipped with a photomultiplier
tube. The laser passes through a focusing lens and a
viewport at the top of the plasma source and irradiates
a 2.6 X 6.2mm region of the sample at normal incidence.
The LD-LIF measurements were performed on unmasked
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-8i(100) samples in situ during etching. The XeCl laser
heats the Si surface rapidly to near the melting point,
and the tail of this ~ 15-ns-long laser pulse can excite
fluorescence from desorbing species. The fluorescence
from the near-surface region is imaged onto the entrance
slit of the monochromator. A boxcar integrator samples
the emitted light immediately after the laser pulse. This
collection system also enables analysis of the steady-state
plasma-induced emission (PIE) and transient changes in
the PIE due to laser-desorbed species (LD-PIE).

3. Observations

Three types of spectra are observed for Cl, plasmas, as
shown in Fig. 2 (2500-3050 A).®) The steady-state PIE
signal, without laser irradiation, shows features due to
excited Si, Cl,, and SiCl (B”?A — X?II,). The LD-LIF
trace shows the fluorescence of species that are desorbed
from the surface by the laser and are pumped to an ex-
cited electronic state by the tail of the same laser. Given
the ~ 15ns pulse length of the laser, LD-LIF can orig-
inate only from species desorbed from the surface be-
fore they collide with neutral and charged species in the
plasma. The 308 nm radiation from the XeCl laser ex-
cites the B?X+ (v = 0) « X?IL, (v = 3, 4) transitions
in SiCl, leading to fluorescence from B?X+ (v/ = 3, 4) —
X?II, (v"), as depicted in Fig. 2. The B2Z* state has a
lifetime of 10 ns, so given this and the laser pulse length,
LD-LIF is confined to a region within about 10 um from
the surface. Although 308 nm also can excite LIF from
SiCl,, no fluorescence from SiCl, was observed. (This
does not indicate that no SiCl, desorbs during laser heat-
ing since the detection efficiency for this emission is lower
than that for SiCl.) With HBr present in the flow mix-
ture, LD-LIF is also observed due to 308 nm excitation
and subsequent emission in the SiBr B2X* — X2II, band
(see Fig. 7 below).

This LD-LIF signal peaked just above the surface in
the time interval immediately after the laser pulse. A
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Fig. 2. Spectra during etching of Si(100) by Cly, show-
ing steady-state plasma-induced emission (PIE) and tran-
sient changes after laser desorption (0.5J/cm?) from emission

(LD-PIE) and LIF (LD-LIF) (from ref. 3).

:qualitatively different transient change was seen in the

light viewed several mm above the surface, which is de-
noted as LD-PIE in Fig. 2. This change peaked several
us after the laser pulse, which is consistent with species
leaving the surface with a mean speed of ~ 1x10° cms™?.
LD-PIE spectral features similar to the Si and SiCl PIE
features are observed. The LD-PIE emission may be due
to SiCl along with other species that desorb from the sur-
face; these desorbing species may be directly excited by

- electrons or may be collisionally transformed into other

species in excited electronic states that then fluoresce.
The LD-LIF signals with the plasma on and off both
depend on laser fluence in a manner that suggests a ther-
mal desorption process. They have distinct threshold
fluences with the plasma on [~ 0.20J/cm? for both LD-
LIF (SiCl) and LD-PIE (Si and SiCl)] and plasma off
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[~ 0.35J/cm® for LD-LIF (SiCl)], indicating that a more
weakly bound layer forms when Si(100) is exposed to a
Cl, plasma than when it is exposed to Cl, gas.? The
LD-LIF signal saturates at fluences of ~ 0.6J/cm’; in
the experiments described below the surface layers were
examined under such saturation conditions. Heat flow
calculations suggest that the surface begins to melt at a
fluence of 0.45J/cm® at 308 nm.

With Cl, flow, the intensity of the SiCl LD-LIF signal
increases by a factor of ~ 2.2 when the plasma is on, due
to an increase in Cl coverage on the surface (Fig. 3, 5Hz
laser repetition rate).* % This figure also shows that the
plasma and surface layer reach steady-state conditions
in the time between laser pulses, 200 ms. For HBr flow,
the SiBr LD-LIF increases when the plasma is turned on,
indicating that the surface becomes more highly bromi-
nated with the discharge on.”

The surface adlayers formed with and without the
plasma on are stable after the laser irradiation is stopped,
the plasma is extinguished (for plasma etching), and the
gas is pumped away, as is seen by resuming laser irradia-
tion several minutes later. For Cl, flow, the SiCl LD-LIF
signals observed on the first pulse are close to the re-
spective steady-state signals (Fig. 3), indicating that the
chlorine coverage does not decrease significantly (< 10%)
during the pump-down.?* Continuous irradiation under
these conditions leads to a rapid decay of the signal to an
undetectable level. Roughly 1/e of the Cl is removed per
laser pulse. These observations suggest that the SiCl,
adsorbed layer is stable after the plasma is extinguished,
so, at least for this system, in-line XPS analysis is indica-
tive of the steady-state surface during etching. Similar
stability of the SiBr, layer was observed during Si etch-
ing by HBr plasmas.®

In chlorine plasmas the SiCl LIF signal is proportional
to Cl coverage (SiCl;(aas)), as verified by XPS. This was
shown by transferring samples to the analysis chamber
after exposure to the plasma, with no laser irradiation
during the last stage of the exposure, or following ex-
posure to the laser and Cl, after turning the plasma
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Fig. 3. LIF intensity of laser-desorbed SiCl (2924 A showing
changes when the plasma is turned on and after pump-down
(with the plasma initially either on or off; pump-down time is
not shown) (from ref. 3).
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off. XPS indicates that the layer formed during plasma
etching corresponds to a coverage of 1.0 x 10** Cl/cm?.%)
High-resolution Si(2p) spectra revealed that Si mono-,
di-, and trichlorides were present. The Cl(2p)-to-Si(2p)
ratio was 1.9 times higher after plasma exposure than af-
ter exposure only to the laser and Cl,, in good agreement
with the 2.2-fold increase in the LD-LIF signal when the
plasma was turned on. Thus, at low laser repetition rates
the LD-LIF method provides an instantaneous measure
of chlorine coverage in the steady state. Analogous in-
line XPS measurements for HBr plasmas give a Br cov-
erage of 6.0 x 10" Br/cm?.%)

Cl coverage was measured as a function of discharge
power, pressure, and bias voltage for chlorine plas-
mas.” The dependence on RF power is shown in Fig. 4.
The total Cl coverage increases rapidly with power and
reaches a saturated level at a substantially lower power
[~ 100 W] than does the etch rate or ion flux (saturated
ion current) [~ 300 W]. This increase in coverage with
power is ascribed to the increase in the formation of
Cl atoms with increasing power, which is shown else-
where to depend on power in similar manner.'® The
etch rate increases both with Cl coverage and ion flux
at low power, and then is proportional to ion flux at the
higher powers that are more typical of standard condi-
tions in commercial high-density plasmas. Consequently,
the etch rate under these latter conditions is limited by
the ion-bombardment removal of product rather than by
the supply of Cl to the surface. This is further sup-
ported by the observed pressure-independent Cl cover-
age and etch rate from 0.6-20 mTorr. Changing the DC
bias of the substrate from 0 to —125V linearly increases
the LD-LIF signal, and consequently also the thickness
of the chlorinated adlayer, by only ~ 25%. Changing the
DC bias from 0 to —90V (ion energy from 50 to 140eV)
increases the etch rate by ~ 60% (Fig. 5).

The rate of surface chlorination can be determined by
varying the laser repetition rate and Cl, pressure. A
plot of Cl coverage as a function of repetition rate is
shown in Fig. 6 for two pressures. At low pressure and
high repetition rate the laser irradiation is removing sur-
face chlorine faster than the plasma can supply it. A
first-order rate coefficient of 8.1 x 10* s~! Torr~! was de-
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Fig. 4. SiCl LD-LIF signal intensity (1 arb. unit = 5x10** Cl/cm?),
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ized to 6.3 mA/cm? at 400 W) vs RF power (from ref. 4).
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the right-hand axis) vs laser repetition rate during Cl; plasma
etching of Si(100), with model predictions assuming a sticking
coefficient of S=0.1 (adapted from ref. 4).

rived from the dependence of the LD-LIF signal on laser
repetition rate and pressure. This indicates that chlori-
nation occurs rapidly with respect to the time required
to etch one monolayer, at pressures as low as 0.5m7Torr.
The predominant species impinging on the surface is be-
lieved to be Cl atoms.'® If the other chlorine species are
ignored, then using a simple Langmuir adsorption model
gives a sticking coefficient of ~ 0.1, as indicated by the
fitted solid curves in Fig. 6.

Similar observations can be made in plasmas contain-
ing HBr, using 308 nm LD-LIF for detecting desorbed
SiBr.» In mixed Cl,/HBr plasmas, this LD-LIF scheme
simultaneously detects desorbed SiCl and SiBr, as shown
in Fig. 7. For these mixtures the surface coverages of
Cl and Br are simply proportional to the total respec-
tive halogen content of the feed gas (Fig. 8). This is
seen quantitatively by the in-line XPS measurements
and semiquantitatively by the in situ LD-LIF measure-
ments. The total halogen coverage decreases with in-
creasing HBr, reaching a saturated Br coverage in pure
HBr plasmas that is 0.6 times the saturated Cl coverage
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in Cl, plasmas, as determined by in-line XPS. The simi-
lar reduction in the Si etch rate in HBr plasmas is likely
due to this reduced halogen coverage.

Both the etch rate and the LD-LIF signal (SiCly(aqs)
coverage) were observed to decrease dramatically for
Cl;/O, mixtures with an O, fraction > 20%.

4. Discussion

The steps in the etching of Si in this high-density chlo-
rine plasma include chlorination by neutral species,.

ClZ(g) + ZSi(surf) i 2SiCl(adS) (1)
Cligy + Sisuct,buty = SiCliags) (2)
Clig) + SiClaas) — SiCly(ags); ( 3)

and ions,
Cl;r(g) + 1Si(gurt,butie) + (2 — 1)SiCliaas)
— nSiClas) + (2 — 1)SiCly(aas), 4)
where n =0, 1, or 2, and ion sputtering of SiCl,,
Cl;'(g) + Sigpuiy + SiCly(aas) — SiCly(e) + SiCl,(aas), (5)

where z + 2 = y + z if no Cl or Cl, sputters or recoils,
and charge conservation is not explicitly noted.

In this plasma, the flux of Cl to the surface is appar-
ently much larger than the fluxes of Cl, and Cl},® so
reactions (2) and (3) probably dominate surface chlori-
nation. From Fig. 6, it is seen that for pressures above
~ 0.5 mTorr, the SiCl;(.q4s) layer reaches saturated cover-
age much faster than the time required to etch one mono-
layer (40 ms) for typical etching conditions (~ 300 W RF
power). Therefore, the rate of ion bombardment is the
limiting factor in the rate of etching in these pressure
regimes.

The etch rate increases faster with DC bias than
does the LD-LIF signal (SiCl; (.4, layer coverage). This
means that increasing the ion speed towards the sub-
strate increases the probability of removing species from
the adlayer (reaction (5)). Using the measured plasma
potential of 50V, and the measured etch rate vs bias
voltage, the number of Si atoms sputtered from the sur-
face per incident ion increases from 0.38 at 50eV to 0.60
at 125eV, as seen in Fig. 5.

Adding HBr to the Cl, flowing into a discharge can
improve the anisotropy of the Si etch and the selectivity
of the Si etch over SiO,; however for large HBr fractions
it also slows the etching rate. For this plasma, the etch
rates for pure Cl, and pure HBr plasmas (280 Watts,
—35V DC bias) are 2170 and 1330 A /min, respectively,
which are seen to be proportional to the respective sat-
urated coverages of Cl and Br, as determined by XPS.
Therefore, the rate of forming volatile silicon bromides
by ion bombardment is slower than that for silicon chlo-
rides, mainly because there is less Br available on the
surface during HBr etching than Cl during Cl, etching.

Oxygen is often added to Cl, plasmas to improve the
selectivity of Si with respect to Si. Since SiCl;(.gs) and
the etch rate were both observed to decrease dramati-
cally for Cl,/O, flows with O, fractions > 20%, it ap-
pears that for such O,-rich mixtures the formation of
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SiO4(aas) begins to become important, and inhibits the
etching process. ‘

The LD-LIF data presented in Fig. 3 for chlorine plas-
mas (and analogous data for HBr plasmas®) suggest that
the surface layer during etching does not change appre-
ciably when the plasma is turned off. Fast thermal des-
orption of even ~ 1/4 monolayer of surface adsorbates
that would desorb as SiCl during laser heating would
have been observed in the LD-LIF measurements de-
picted in Fig. 3. Moreover, the fluence thresholds for
the Si and SiCl LD-PIE signals were found to be the
same as that for SiCl LD-LIF. Since SiCl and other SiCl,
species probably contribute to the LD-PIE signals for Si
and SiCl, a rapidly desorbing layer containing Si and/or
Cl would likely mean a lower fluence threshold for LD-
PIE. (Using real-time ellipsometry, Oehrlein’® did not
observe a volatile overlayer during plasma etching with
fluorinated etchants, which justified his use of in-line
XPS analysis of the surface.)

Silicon etches at a rate of ~ 40 A /s under typical con-
ditions (300 W RF, —32V bias), so 8 A (5monolayers) is
etched between laser pulses (5Hz). This means that in
LITD, each laser pulse interrogates a surface representa-
tive of one during steady-state etching, independent of
the heating, and possible melting, of the surface by the
previous pulse. (The surface of the Si(100) wafer dur-
ing steady-state plasma etching is probably highly dis-
ordered.) Possible transient changes to the plasma due
to the laser, by, for example, LITD, LIF, photodetach-
ment and photodissociation, would decay before the next
pulse. Furthermore, since the photon energy (4.0eV) is
less than the work function of silicon (~ 5eV), electron
emission from the surface due to the laser can be ignored.
While these attributes make LD-LIF a valuable in situ
probe for understanding a process, the inherently inva-
sive nature of the laser desorption process, along with
the complexity of the laser system, makes it unsuitable
as a real-time probe for control of plasma etching during
manufacturing.

Although the intensities of both the LD-LIF and LD-

PIE spectra are expected to be linearly proportional to

the flux of the desorbed species, monitoring LD-LIF is
preferred because it gives a stronger signal. Moreover,
the excitation process in LD-LIF depends on the laser
intensity, which can be controlled, while the excitation
process in LD-PIE depends on plasma conditions which
may vary in a parametric study. However, when the
laser used to induce desorption cannot excite LIF in the
desorbed species and LIF detection with a second laser
is inconvenient or not possible (as for larger radicals and
molecules), LD-PIE can be used to probe the desorbed
species: :

5. Concluding Remarks

Laser-induced thermal desorption (LD), combined
with laser-induced fluorescence (LIF) detection, was
used to study the etching of single-crystal Si(100) in
a high-density, low-pressure Cl,/HBr-containing helical
resonator plasma, with supporting in-line XPS measure-
ments. One major finding of these studies is that during
etching the Si surface rapidly becomes covered with a
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stable (in vacuum) saturated layer of about 2 monolay-
ers of chlorine in a Cl, plasma and about 1 monolayer of
bromine in an HBr plasma. The layer consists of silicon
mono-, di-, and trihalides. In Cl, plasmas, the Cl cover-
age increases with ion energy, but is nearly independent
of pressure (0.5-20mTorr). Chlorination occurs rapidly
with respect to the time required to etch one monolayer,
at pressures as low as 0.5 mTorr. Consequently, the etch-
ing rate is limited by the ion flux, and not the neutral
flux under these conditions. Still, at lower RF powers,
the surface coverage is seen to vary with power. In mixed
Cl,/HBr plasmas, the coverages of Cl and Br are simply

proportional to the total halogen content in the respec-

tive feed gas.

LD-LIF does not detect all desorbing species, and it
may not even be able to detect the major desorption
product. In these experiments, however, the detected
species (SiCl or SiBr) appears to be a primary product
that desorbs during laser heating. Although LD-LIF is
invasive, it is still a quantitative in situ diagnostic of the
surface coverage during steady-state etching, which can
also be used to track the change in surface coverage in
response to changes in the plasma conditions. Further-
more, LD-LIF can be used to validate the use of in-line
XPS analysis for accurate determination of the surface
coverage, as was done here for the Si/Cl,/HBr etching
system.
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