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ABSTRACT

An etch-stop phenomenon taking place in Cl,/O,/N, plasma was investigated by means of the actinometry technique as
well as using PlasmaVolt and PlasmaTemp in-situ sensor wafers from K-T promesys of KLA Tencor. The temperature
of TCP quartz window was determined to increase from 50°C to more than 100°C during sequential plasma processing
that in turn induces a plasma composition change. Based on the optical spectra a 20% increase in both atomic [O] and
[C1] concentrations was determined to take place in Cl,/O,/N, plasma used for STI etching. Performing experiments on
the blanket wafers the dependence of the etch-stop on O,-flow, pressure, TCP power, wafer temperature and quartz
window temperature was determined. The values of RF voltage and temperature were measured locally at different
positions on the wafer surface providing additional information about plasma homogeneity. Finally, the results are
discussed in terms of the well-known recombination model considering the increase of [O] concentration results in the
etch stop in the middle of the wafer.
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1. INTRODUCTION

As the semiconductor industry continues to scale down the dimensions of integrated circuits (ICs), wafer-to-wafer
reproducibility becomes a major concern in etching processes.' High aspect ratio anisotropic etching of silicon is used
for fabrication of shallow trench isolation (STI), which is a crucial step in production of VLSI devices.” Reactive ion
etching based on the gas mixture of oxygen and chlorine allows meeting the strict STI requirements (high aspect ratio,
precise control of sidewall smoothness and slope 75°-85°). The chlorine radicals react with Si with formation of
relatively volatile SiCl, molecules. The oxygen passivates the Si surface and protects the feature sidewalls by chemically
stable SiO, layer. The SiO, layer formed at the feature bottom is destructed by ion bombardment and does not deteriorate
the etch process.

However, formation of continuous SiO, protective layer in the presence of etching gases has a non-trivial behavior. If the
oxygen concentration in O,/Cl, mixture exceeds a certain critical value, the etch process is completely stopped and the
SiO, layer covers the Si surface. In STI etch, the oxygen concentration must be close to this critical point to provide
efficient protection of sidewalls. This is the reason why even small deviation of the gas phase concentration of active
radicals leads to unwanted phenomenon of etch stop spot formation in the wafer center. To the best of our knowledge,
the mechanism of the etch stop spot formation has not been completely understood so far.

The process drifts during the etching of few wafers was observed by many authors.****”* All of them proposed the
similar explanation for this phenomenon: contamination of chamber walls during the etching that changes the surface
recombination probability (e.g. chemical plasma composition). We have observed that not only walls contamination
could result in process drift.

In this work, we used Cl,/O,/N, mixture that is commonly used for STI silicon etching. During the etching of a batch of
25 wafers in a high-density transformer coupled plasma (TCP) etching reactor, etch stop spot formation is observed in
the center of wafer starting from the 14™ wafer. At the edge of the spot is a zone of high roughness, known as “black
silicon”, and at the edge of the wafer there is a standard etching zone (Figure 1). All parameters were found to be stable
during the process except the quartz window temperature (QWT). The quartz window is located on the top of the

Micro- and Nanoelectronics 2007, edited by Kamil A. Valiev, Alexander A. Orlikovsky,
Proc. of SPIE Vol. 7025, 70250E, (2008)
0277-786X/08/$18 - doi: 10.1117/12.802361

Proc. of SPIE Vol. 7025 70250E-1



chamber, it has diameter of 50 cm and thickness of about 4 cm (Figure 2). The edge of the quartz window is kept
constant at 60°C while the temperature in the center is floating as detected by a temperature sensor installed in the
middle of the window. The QWT increases with wafer number and can change from 47°C to more than 100°C. The etch
stop is observed when QWT is becoming higher than 83°C.
Since the etch stop spot formation depends on QWT, it is reasonable to assume that the etch stop can be related to

1) temperature gradient on the wafer and/or

2) concentration gradient of active species in the plasma.

The goal of this research is to clarify exact reasons of the etch stop phenomenon.

spot formation

Fig. 1 Cross section SEM pictures showing: a) the etch stop in the wafe cenr ad b)the “black silicon” ne at the edge of the etch
stop spot.
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Fig. 2 LAM 2300 Versys Kiyo chamber scheme.
2. EXPERIMENTAL

The experiments were carried out in the etch reactor LAM 2300 Versys Kiyo with three kinds of blanket samples: SiO,
on Si, poly-Si/SiO,/Si and mono-Si 300mm wafers. The chamber walls with ceramic coating and the bottom electrode
temperature were kept at 60°C. The backside He flow producing 8 Torr backside He pressure was used to keep the wafer
temperature close to the temperature of the bottom electrode. The wafer temperature and RF voltage were measured
locally by PlasmaTemp™ and PlasmaVolt™ sensor wafers, respectively, from K-T promesys of KLA Tencor. The
PlasmaTemp sensor wafer has 42 detectors located on the surface of 300 mm carrier wafer. It allows data collection with
frequency of about 1 Hz and provides a wireless transfer of the data after the experiment. The PlasmaVolt sensor wafer
has similar characteristics but 7 detectors that is why the frequency of the data collection can be set to 3 Hz or higher
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depending on the number of the detectors activated for the experiment. Optical emission spectroscopy in combination
with Ar actinometry’ was used for monitoring of plasma composition. Intensities of the oxygen emission at 777 nm
(atomic O), chlorine at 837 nm (atomic Cl) and nitrogen 746 nm (atomic N) were compared with the intensity of the Ar
lines at 750 nm and 811 nm. Poly-Si etch rate and SiO, thickness in the etch stop area was measured by KLA Tencor
SCD100 and SENTECH-801 spectroscopic ellipsometers.

3. RESULTS AND DISCUSSIONS

3.1 Etch stop phenomenon

To characterize the etch stop phenomenon, we measured the etch rate on blanket poly-Si wafers and used the etch stop
spot size as a metric. The wafers were etched in STI (Cl,/O,/N,) plasma at different O, flow rates, pressures, powers,
wafer temperatures and different temperatures of the quartz window.

When the oxygen concentration is smaller than a critical value, almost uniform etching of silicon is observed. The poly-
Si etch rate was about 400 nm/min. Increase of the oxygen concentration by 20% leads to formation of the etch stop spot,
symmetric in respect to the wafer center. The diameter of this spot increases with the oxygen concentration. Similar
effect is observed when QWT is increased from 47°C to 100°C (Figure 3). When the oxygen content increases, the
silicon etch rate decreases due to increase of silicon surface oxidation.'” At the Cl,/O, ratio equal to 100 sccm/12 sccm
and pressure of 40 mTorr the etch stop spot formation happens only at T>47°C.
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Fig. 3 Poly-Si etch rate at different QWT

We measured the composition of the protective layer in the etch stop area by time of flight of secondary-ion mass
spectrometry (TOF-SIMS) (Figure 4). The mono-Si wafer was treated in STI plasma at 110°C in conditions with the etch
stop spot formation. The profiles were obtained on a sample taken from the wafer center. The measurements show that
the protective layer in the etch stop area has composition of silicon dioxide with the content of chlorine.
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Fig. 4 Profiles obtained from the etch stop spot at QWT 110°C by TOF-SIMS measurements.

The dependences of the etch stop width on QWT at different O, flow rates, pressures, wafer temperatures and
powers are plotted in Figure 5. One can see that the spot size increases with QWT. Figure 5(a) shows that higher O flow
rates result in a bigger spot.
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Fig. 5 Dependence of etch stop width on QWT at different: a) O, flow rates, b) pressure, c¢) power and d) wafer temperature.
Reference STI recipe (m symbols):100 sccm Cl,, 13 sccm O,, 15 sccm Ny, 40 mTorr, 1000W, 60°C (wafer temp.).

Figure 5(b) shows the dependence of etch stop width on QWT at different pressures. One can see that spot size increases
with increase of pressure. At 20 mTorr, no etch stop was observed, only etch rate decrease in the centre of the wafer. The
pressure dependence proves that STI etching is on a border between etching and oxidation. Oxidation dominates at 40
and 60 mTorr is while etching dominates at 20 mTorr. No dependence of the etch stop spot width on power was
observed (Figure 5(b)).

To explain these results, the SiO, etch rate was measured in STI plasma (100 sccm Cl,, 13 sccm O, and 15 sccm Nj) as
function of pressure and power. It was observed that the SiO, etch rate drops with pressure and slowly increases with
power. The explanation for this could be the following. The physical sputtering of SiO, is the major etching mechanism
in chlorine containing plasmas, and the subsequent chlorine reactions with the silicon leads to the formation of volatile
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SiCl,, thereby enhancing the etching yield. The SiO, etch rate increases with ion energy,'"'? which decreases with

pressure due to increase of ion collision frequency on the way towards the wafer."*'* It was observed that SiO, etch rate
at 20 mTorr is 2 times higher than that at 40 mTorr, and we can conclude that at 20 mTorr oxygen can not passivate the
surface due to high oxide etch rate. Therefore, the etch stop spot was not observed at 20 mTorr. As was mentioned
above, the oxide etch rate slowly increases with power resulting in the same etch stop size.

Inverse dependence of etch stop spot size on wafer temperature was observed (Figure 5(d)). It is known that etch rate
increases with surface temperature that causes the decrease of etch stop width.

3.2 Surface analysis of the etch stop

In order to analyze the surface conditions of the samples where the etch stop phenomenon was observed, the surface after
etch was characterized by spectroscopic ellipsometry (SE) and atomic force microscopy (AFM). A blanket Si wafer was
exposed to STI etch plasma in the condition that lead to the formation of an etch stop spot in the center. After that a
sample from the center was compared with a sample from the edge of the wafer.
It was found that in the etch stop region the Si is covered by rather thick (26 nm) SiO, film, while the edge of the wafers
is rough and covered by a thin (1-2 nm) SiO,. The SE results of the sample from the center (with an etch stop) were fitted
to the model consisting of the 26 nm of SiO, on top of Si substrate. The SE results from the wafer edge could not be
fitted reasonably well to a substrate/thin film model, probably indicating presence of surface roughness. In order to
clarify the situation, we performed ellipsometry measurements after removing the oxide in water HF solution (2% HF for
1 min). The results of those measurements are plotted in Figure 6. This figure represents the W/A diagram at 633 nm
wavelength of the experiments. The curve with open circles represents the theoretical ¥ and A values calculated using
the model of SiO, film on Si substrate. Each point corresponds to 1 nm SiO, thickness increment. The filled symbols are
the experimental points, the squares designate the sample from the center, and the triangles correspond to the sample
from the edge. The arrows indicate the SiO, removal by HF. One can see that in the case of the etch stop sample (filled
squares) the initial thickness is close to 28 nm as was measured by SE and after the HF treatment the ¥ and A values of
the sample are very close to those of bare Si. We can conclude that this sample indeed consisted of rather thick SiO, film
on smooth Si substrate. The sample from the edge shows remarkably different behavior. After etch the ¥ and A values
are close to the model of 10 nm SiO, on Si, however, as we know from the SE measurements, the fitting of this model is
not satisfactory. After the HF treatment, the ¥ and A values are shifted towards the bare Si indicating SiO, removal.
However, the shift is equal to removal of 2 nm SiO, and the final point is far from the bare Si values. One can presume
that the sample at the edge is rough and this roughness manifests itself in ¥ and A values which are different from the
bare Si. The oxide on top of the rough Si surface shifts ¥ and A further, however, determination of the exact oxide
thickness is difficult since incorporation of the surface roughness into the ellipsometric modeling is not straight forward.
The SiO, thickness, however, can be estimated within 1-2 nm range.
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Fig. 6 W/A diagram of the ellipsometric measurements of the Si wafer with and without etch stop. Open circles are the calculated ¥

and A values for the model of SiO, film on Si. Each point corresponds to 1 nm thickness increment. Filled symbols are the
measurements, arrows indicate the HF dip (SiO, removal).
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In order to verify the assumption of the increased roughness at the edge, AFM measurements were performed on the
samples after the SiO, removal by HF solution. The results are shown in Figure 7. One can see that the sample from the
edge is much rougher than that from the center. The root mean square (RMS) values of the roughness are summarized in
Table 1.
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Fig.7 The AFM scans of the samples from the center (a) and the edge (b) of the wafer.

Table 1. RMS roughness values of the center and the edge of the wafer after SiO, removal in HF solution.

Sample RMS rougness (nm)
Center (etch stop) 2.8
Edge (no etch stop) 9.0

We can conclude that the following happens during the etch of Si with STI plasma. A rather thick oxide (26 nm) is
formed in the center of the wafer, causing the etch stop and preventing Si surface from the damage. At the edge of the
wafer, the protective oxide is not formed and the Si surface is roughened by the plasma exposure. A thin oxide layer of
1-2 nm is formed on due to the presence of O, in the plasma and by native oxidation in the air after the etching.

3.3 In-situ analysis of temperature and RF voltage using two sensor wafers

Figure 8(a) shows the results of wafer temperature measurements when He plasma was used for 30 minutes in order to
heat up the quartz window. Figure 8(b) shows the wafer temperature development in the centre of the wafer, where the
etch stop was observed during STI etching. As it is shown in Figure 8(a) the temperature of the wafer surface stays stable
during the long treatment in He plasma and doesn’t depend on QWT in the range from 50°C to 100°C. A more detailed
look on the temperature development presented in Figure 8(b) shows some transitional processes before of the
temperature stabilization, which are most probably connected with a delayed response of the cooling system of the
bottom electrode.

Nevertheless, an exact reproducibility of the temperature characteristics taken for different QWTs at STI plasma, see
Figure 8(b), together with the results on the wafer temperature development in He plasma, see Figure 8(a), favors the
independence of the wafer temperature on the QWT.
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Fig. 8 Wafer temperature measured: a) during the heating up of the quartz window from 50°C to 100°C in He plasma,

b) in STI plasma at QWT of 50°C and 110°C.

RF voltage characteristics taken at QWT of 50°C and 100°C are presented in Fig. 9. Propagation of the RF signal through the system
depends on both the active and reactive part of the plasma impedance. Thus, the lower impedance in central part of the plasma
provides higher RF voltage of the corresponding detector. To make a rough correlation of RF voltage change to the plasma parameters
we can use well-known information about plasma non-uniformity, which is characteristic for TCP type of reactors, for instance.'>'®
The peak of electron density localized at the center of discharge'” would minimize the local impedance providing higher amplitude of
measured RF voltage for the corresponding detector. Thus, the initial inhomogenity seems to be determined by the power distribution
in TCP reactor.'®

The uniform shift of the RF voltage characteristics to the higher values observed at 100 °C of QWT can be related to the uniform
densification of the plasma and to the reduction of the active component of impedance. On the other hand, experiments performed in
capacitor coupled plasma (CCP) reactor (Excelan 2300) did not show any similar shifts of RF voltage characteristics at different
temperatures of the top electrode. The major difference between CCP and TCP reactors for RF signal propagation is the quartz
window. That is why, the drift of the reactive component of impedance due to the QWT change should be considered in the next
approach.
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Fig. 9 RF voltage on the wafer during STI etch measured at QWT of 50°C and 100°C.
3.4 Spectra characterization

Another possible reason of the etch stop spot formation is QWT dependent gradient of radicals concentration in the etch
plasma. The etch stop spot formation at a constant wafer temperature can be related to the increase of concentration of
oxygen radicals above the wafer centre. To verify it, we measured the active radicals concentration by optical emission
spectroscopy. Unfortunately, the measurements of the radicals concentration directly in STI plasma is not sufficiently
informative because of huge difference in O, and Cl, concentration and their emission intensity. For this reason, we used
Cly/Ar (100/10 sccm) plasma, O,/Ar (100/10 scem) plasma, No/Ar (100/10 sccm) plasma, Cl,/O,/Ar (50/50/10 sccm)
plasma and Cl/O,/N,/Ar (100/13/15/10 sccm) plasma at different pressures (20, 40 and 60 mTorr) and powers (700,
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