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ABSTRACT

Cryogenic etching of a-Si, SiO2 and SisN4 materials by CHFs/Ar inductively coupled plasma
(ICP) are investigated in a range of temperature from -140°C to +20°C. Samples of the three
different materials are placed together on a same silicon carrier wafer. Depending on the
experimental conditions, etching or deposition regimes were obtained on the samples. The
thickness variation was measured by spectroscopic ellipsometry. A process window
between -120°C and -80°C was found in which SisNa4 surface is etched while CFx deposition is
obtained on a-Si and SiOz surfaces, resulting in an infinite etching selectivity of SisN4 to the
other materials. At high enough self-bias (-120V) and very low temperature (< -130°C), SisN4
etch is reduced down to a very low value while a-Si and SiO2 are still being etched, which
inverses the selectivity between SisNs and the two other materials. EDX analyses of a
SisNa4/a-Si/SiO2 layer stack after a same etching process carried out at 20°C and -100°C confirm
the presence of carbon and fluorine on a-Si at low temperature, showing the effect of the low

temperature to switch from etching to deposition regime on this material.
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I. INTRODUCTION

Silicon compounds such as SiOz and SisNa4 are regularly used in microelectronics. They
usually have to be structured with a high accuracy. In particular, in 3D NAND technology,
SisNs and SiO2 layers have to be etched alternatively until reaching the underlying silicon
material without damaging it*. To form the 3D NAND devices, the stack of alternated layers
must be etched without selectivity to form the channels?. Then, SisNa, which is used as a
sacrificial layer, has to be etched isotropically with a very high selectivity with SiO2. Usually,
hot phosphoric acid (HsPOa) is employed to wet etch SisNa between the SiO: layers 2.

Another key challenge in microelectronics relies on the SisN4 spacer etch in CMOS
technology, which must be very anisotropic, but performed with a high selectivity with the
underlying Si or SiGe layer®. To achieve these demanding requirements and avoid the
appearance of silicon recess, some special and complex plasma processes are currently under
development 34,

Even if CHF3 based plasma processes have been used a lot to etch SiO2 58 and SizN4 %10
materials, this plasma chemistry is usually not sufficient to hit the highly critical dimensions
that are expected at the nanoscale. For bigger dimensions, CHF3 plasma usually offers a quite
good selectivity between SiO2 or SisN4 with silicon due to the formation of a thicker CFx
polymer at the silicon surface, which is not consumed. CHFs gas can be mixed with Oz to
enhance the etch rate of SisN4and increase the selectivity with SiOz, but the selectivity between
the two materials remains of the order of 2 at best °. Most of experiments on SiO2 and SizN4
etch have been carried out on wafers maintained at a temperature beyond 0°C (typically at room
temperature). In this paper, we investigate a CHFs/Ar plasma etching process of silicon (Si),
silicon nitride (SisN4) and thermal silicon oxide (SiO2) materials cooled at cryogenic

temperature.



Cryogenic etching process was introduced in 1988 to perform anisotropic etching of
silicon %, Cryo-etching of only few materials has been investigated so far including silicon -
15 cobalt °, 11-VI materials 178 and SIOCH porous low-k materials 1>, It has been extensively
used to etch high aspect ratio silicon structures 2#2°. A passivation based mechanism was
proposed by Bartha et al. % and confirmed by many other different studies 1412731, Although
the cryogenic system to cool down the wafer to a very low temperature of typically -100°C
might appear as a strong drawback, there are actually several advantages working at cryogenic
temperature: the residence time of physisorbed species is higher on very cold surfaces *?; the
passivation layer is partly removed during the wafer warm up 28; there is nearly no process drift
since most of deposition occurs on low temperature surfaces, but not on the reactor wall.*®

The etching of Si based material substrates cooled at a very low temperature in CHF3s/Ar
plasma has not been reported so far. The influence of substrate temperature on the etch rates of
PECVD SiN thin films has already been studied in CF4/H2 plasma, but the investigation was
performed at a temperature between -20°C and +50°C.23 However, very interesting results were
obtained between — 20°C and 0°C, which show a clear evolution of surface compounds and
etch rate of the PECVD SiN films depending on the bonding structures (concentration of Si-H
or N-H sites). But, no experiment was reported at a temperature below -20°C. In the
experiments reported in this paper, we varied the temperature between -140°C and +20°C and
evaluated the etch rate of Si, SiO2 and SisNa4 to determine the etch selectivity between them and
define process windows with high selectivity. Finally, a material stack composed of SiO2, a-Si
and SisNs was etched and monitored by in-situ ellipsometry at two different
temperatures: -100°C and +20°C. The surface composition of the 2 samples was qualitatively
analyzed by EDX, confirming the etching of SisN4 and the deposition of a quite thick CFx layer

on a-Si at very low temperature.



II.EXPERIMENTAL METHOD

The experiments are carried out in two different ICP reactors. A detailed schematic of the two
reactors is provided in figures 1.a and 1.b. The cryogenic substrate holder of both reactors is
cooled with liquid nitrogen and the temperature is controlled and stabilized using a Proportional
Integral Derivative (PID) system. The temperature mentioned in the experimental conditions
correspond to the set point temperature of the chuck. The two reactors are excited at 13.56 MHz
and contain an alumina tube as a dielectric between the antenna and the reactor. The first reactor
(Alcatel AGO1E) is equipped with an antenna consisting of 2 half turns, between which the
current is separated before merging again at the opposite side (figure 1.a). The antenna of the
second one (Oxford Instrument Plasma Pro 100 Cobra) consists of 4 turns around the alumina
tube (figure 1.b). Even if there is a gas ring in the diffusion chamber of the second reactor, Ar
and CHFs gases were injected from the gas inlet at the top of the reactors in both cases to
maintain similar experimental conditions as much as possible. A distance as high as 30 cm
separates the source from the table in the first reactor, whereas the separation is only 20 cm
long in the second reactor. The second reactor is equipped with an in-situ spectroscopic
ellipsometer (UVISEL Horiba Jobin Yvon). When using the first reactor, the samples were
characterized by ex-situ ellipsometry.

Three different types of samples were used for the etch experiment. The composition of the
different samples is schemed in figure 1c. The first one consists of a 100 nm thick layer of
thermal SiO2 on (100) silicon. The second one is composed of a 250 nm thick SisN4 deposited
by LPCVD on (100) silicon. The third one contains a 150 nm thick p-Si layer deposited by
PECVD on a 100 nm layer of thermal SiO2 grown on a (100) silicon wafer. The samples were
cut into 2x2 cm? from 300 mm diameter wafers.

For each experiment, a sample of each type of material was glued with a thermally conductive

paste on 100 or 150 mm carrier wafers of silicon as shown in figure 1d.
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Some experiments have also been performed on samples consisting of a stack of deposited

layers: thermal SiO2 (100 nm), a-Si (60 nm) and SisN4 (85 nm) deposited by PECVD in the

clean room of GREMI laboratory (figure 1e).
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Figure 1: Experimental details

(a) Schematic of the reactor Alcatel A601E

(b) Schematic of the reactor Oxford Instrument Plasma Pro 100 Cobra

(c) Composition of the samples used for the etch experiments



(d) Sample arrangement on a 100 or 150 mm diameter silicon wafer
(e) Composition of the sample used for the layer stack etch experiment (prepared at GREMI
laboratory)

The thickness of the deposited layer was accurately evaluated by ellipsometry before and after
each experiment. A classical dispersion formula was used to model the SiO2 layer whereas
Si3sN4, Si and CFx layers were modeled using a new amorphous dispersion formula available on
the DeltaPsi 2 software from Horiba/Jobin-Yvon. This software allows powerful numerical
fittings of the measured delta psi ellipsometric angles in monochromator or in multi-wavelength
kinetic mode monitoring the two angles at 32 selected photon energies between 1.5 and 5 eV,
It was generally more difficult to model the CFx layer. The fit parameter values varied with the
chemical composition of the layer. However, some relevant ellipsometry model fittings were
obtained with associated 2 values (goodness of fit) under than 5 which is appropriate.

After each etch process, the reactor was cleaned using a 10 min long oxygen plasma to avoid
the accumulation of deposited CFx layer on the reactor walls.

In the reference etching process, we used the parameters given in table 1.

CHFs flow 30 sccm

Ar flow 70 sccm
Pressure 1Pa

Source Power 800 W
Bias voltage 80V
Process duration 1 min

Set point temperature -100°C

Table 1: Process parameters of the reference process



The elemental composition of the layers was performed on a Zeiss SUPRA-40 field emission
Scanning Electron Microscope (SEM) using a Bruker Quantax EDS detector. Samples were

mounted on SEM stubs secured by conductive clips, which eliminates contamination issues due

to adhesives or glues.
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I11.  RESULTS

The figure 2 shows the etched depth after 1 min of plasma process in the conditions provided
in table 1 as a function of the bias voltage for 4 different temperatures between +20°C

and -130°C. Negative values correspond to deposition regime.
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Figure 2 : Etched thickness of SiO2, SisN4 and p-Si versus bias at +20°C (a), -60°C (b),
- 100°C (c) and -130°C (d) after 1 min of CHFs/Ar plasma (30 sccm /70 sccm),

Psource = 800 W, P = 1 Pa. Experiments performed on the first reactor (A601E).

At +20°C (figure 2.a), etching regime is obtained for all types of samples and for all values of

bias voltage between -120V and -40V. The etch rate increases quite linearly with the applied
8



voltage as already reported in 8. SiO2 and SisN4 etch rates are quite similar and reach a value
between 20 and 25 nm/min at -40 V and 75 - 80 nm/min at -120V. The etch rate of p-Si is
lower and reaches about 13 nm/min at -40 V and 45 nm/min at -120V. At this temperature, the

etch selectivity between SiO2 or SisN4 and a-Si is lower than 2.

At -60°C (figure 2.b), about the same behavior as at +20°C is observed, but a depositing regime
is reached for p-Si at -60 V bias voltage and for the 3 materials at -40 V. At -120V bias voltage,

the etch rate is quite similar to the one obtained at +20°C.

When operating at -100°C (figure 2.c), depositing regime is attained between -80V and -40V
for SiO2 and p-Si whereas SisNs is still etched. We observe that the threshold between etching
and deposition has moved to a bias voltage as high as -80V. At this very point, as can be seen
from repetition of the experiment, etching or deposition was obtained for p-Si and SiOz, which
shows that the threshold between etching and deposition is quite sharp and that the process can
easily switch from one regime to the other. It is also interesting to note that no deposition regime
was observed on the SisN4 sample at -100°C even at -40V bias voltage. The experiments have
been performed twice at -100°C for -40 V and -60 V bias voltages (figure 2c) to check the

reproducibility.

At -130°C (figure 2.d), the threshold between deposition and etching is obtained at
around -80V, but in this case, we can notice that the etch rate of SisN4 has significantly dropped
from about 80 nm/min (at +20°C) to 25 nm/min, whereas p-Si and SiOz etch rates remain at the
same value obtained at higher temperature. The selectivity between SisN4 and the two other
materials is inverted at -130°C at -120 V bias voltage. At -80V bias voltage, an etching regime

for SisNa was reached whereas a deposition regime was occurring for SiO2 and p-Si.



In figure 3, the etched or deposited thickness for the 3 materials is plotted versus temperature
for 4 different bias voltages (-40V, -60V, - 100V and -120V) in the experimental conditions

provided in table 1.
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Figure 3 : Etched thickness of SiOz, SisN4 and p-Si versus temperature

at-40V (a), -60 V (b), -100 V (c) and -120 V (d) bias voltages after 1 min of CHFs/Ar plasma

(0))
c
'c (30 sccm /70 scecm), Psource = 800 W, P = 1 Pa. Experiments performed on the first reactor
)
0o (AGO1E).
-3
<A
\\ At -40 and -60V (figures 3a and 3b), we can clearly observe a threshold between etching and
N

deposition for p-Si and SiO2 by decreasing the temperature. At -40V bias voltage, deposition

regime is obtained at a temperature between -40 and -60°C ; At -60V bias voltage, deposition

10



regime is reached at a temperature between -60 and -80°C. The higher the bias voltage, the

lower the temperature to reach the threshold.

At -100 and -120V bias voltage (figures 3c and 3d), p-Si and SiO2 materials are etched
regardless of the temperature. Note that additional measurement points have been carried out
at -100V at -100°C, -120°C and -140°C to check the reproducibility of the data. The etch rate
tends to decrease when the temperature decreases down to -100°C for p-Si and down to -80°C
for SiOz2. In the case of SiOz, it increases again down to -120°C before dropping at -140°C. In
the case of p-Si, the etch rate keeps increasing from -100°C to -140°C especially at -120V bias

voltage.

For silicon nitride, at -40V, the etch rate is close to the one obtained with the two other materials,
except at -100°C and -120°C, for which deposition occurs on SiO2 and p-Si, but not on SisNa.
At -60V, silicon nitride is etched at the same rate regardless of the temperature. At this bias
voltage (figure 3b), a window of infinite etch selectivity between -120°C and -60°C appears
between silicon nitride and the two other materials. Below -120°C, a deposition regime was
reached for SisN4. At -100V bias voltage, the etch rate of silicon nitride is more or less constant
down to -100°C, but decreases quite linearly between -100°C and -150°C. At -140°C, the
selectivity is inversed between silicon nitride and the 2 other materials. This behavior is also
observed at -120V bias voltage where SisNas etching drops linearly when the temperature is

varied from -80°C to -140°C.

The figure 4 shows the estimated bias voltage threshold between deposition and etching regimes
for the three different materials versus temperature, evaluated from the graphs shown in figure 2
and other experiments performed at -120°C, -80°C and -20°C. The error bars correspond to the
bias increment, which was employed to plot the graph of figure 2 (10, 15 or 20V). By decreasing
the temperature, one has to apply a higher bias voltage to switch from deposition to etch regime.

The bias voltage threshold is lower (in absolute value) for SisNa. At -100°C, the threshold gap
11
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between SisN4 and the two other materials widens in bias voltage. Indeed, at -40V on figure
3.a, we can notice that deposition regime is reached for SisN4 at -60 and -80°C, but etching

regime is obtained again at -100°C and -120°C.
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Figure 4: Bias voltage threshold between deposition and etching versus temperature.
Error bars are estimated from the bias increment that was used to plot the graph of figure 2.

In-situ experiments were carried out on the other reactor (Oxford Instruments Plasma Pro 100
Cobra) equipped with a spectroscopic ellipsometer. The thickness evolution of the 3 materials

is shown in figure 5 at +20°C and -100°C.
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Figure 5: In-situ etching measurements of the etched thickness of p-Si, SisN4 and SiO2 at

20°C (solid-line) and at -100°C (dashed-line). Experiments performed on the second reactor

(Oxford Instruments Plasma Pro100 Cobra).

The experimental conditions are those provided in table 1 with a bias voltage as high as -80 V.
The plasma of CHFs/Ar is initiated after 60s. At 20°C, etching is obtained for the 3 materials.
The etch rate of SisNa, p-Si and SiOz2 is 65 nm.min*, 38 nm.min"* and 59 nm.min respectively
at +20°C. At -100°C, the etching regime is maintained for silicon nitride only. The etch rate of
SisN4 is lower at -100°C: it reaches 38 nm.min at -100°C instead of 65 nm.min* at +20°C.
Deposition is obtained for both SiO2 and p-Si at -100°C. Interestingly, the deposition on SiO2
does not start immediately after the CHFs/Ar plasma ignition: it takes about 30s before the
deposition starts. The experiment was repeated to confirm this result and is reproducible as it
can be observed on figure 5 (dash dot dash line). This delay for deposition is not observed on

p-Si, for which the growth starts immediately when the plasma is on.

13



In order to confirm the results presented in previous parts, two etch experiments were carried
out on a layer stack composed of 85 nm of SisN4, 60 nm of a-Si and 100 nm of SiO2 deposited
by PECVD (as schemed in figure 1c). The experiments were performed in the second ICP tool
(Oxford Instruments Plasma Pro 100 Cobra) at +20°C and at -100°C in the experimental
conditions provided in table 1, except for the bias voltage which was a little bit higher due to a
technical issue on the etcher: -90V instead of -80V. The thickness time evolution was monitored
by in-situ ellipsometry. The results at +20°C are shown in figure 6.a. We can observe the
thickness variation of the three materials, successively etched with a different etch rate, starting
with SisNs. The evaluated etch rate was 93 nm.min for SisNa, 44 nm.min* for a-Si and 55
nm.mint for SiOz. The etch rate is a little higher than the one shown in figure 5. It can be
explained by the fact that the deposited SisN4 is probably different from the one prepared by
Tokyo Electron. Moreover, the bias voltage was slightly higher in this experiment. At -100°C
(figure 6.b), in the same experimental conditions, we can observe the etching of SisNs with an
etch rate of 39 nm.min%, which, this time, is quite closed to the one estimated from figure 5 in
the previous experiment. Then, when the SisNa4 is completely etched, CFx deposition starts on
a-Si at a deposition rate of 75 nm.min’. Note that it was difficult to model the deposition on a-
Si immediately after the etching in kinetic mode since the kinetic ellipsometry model does not
simultaneously allow the simulation of a material that is etched followed by the deposition of
another material. This is the reason why we did not plot the thickness time evolution between
174 and 196 seconds on figure 6b. But, we could individually model some of the delta-psi
graphs obtained at different times during the deposition regime (open circles in figure 6.b). The
results give an estimated thickness value very consistent with the one obtained by the kinetic

model (solid line).

14
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Figure 6: Thickness time evolution of the stack composed of SiOz, a-Si and SisNs with a
plasma of CHFs/Ar in the experimental conditions given in table 1 at +20°C (a). Thickness
time evolution of the same stack and experimental conditions, but at -100°C. Experiments

performed on the second reactor (Oxford Instruments Plasma Pro100 Cobra) (b).

Then, the samples were analyzed by EDX before and after the etch experiments. The chemical
analysis of a pristine sample is shown in figure 7 (‘reference’ spectrum) together with the
chemical analysis of the samples treated at +20°C and at -100°C. The concentration of the major

elements in atomic percentage is given in table 2.

15
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Figure 7: Energy-dispersive X-ray spectrum (EDS) of the reference sample (pristine) (a), the

sample etched at +20°C (b) and the sample etched at -100°C (c)

Element C(%) N(%) 0(%) F(%) Si(%)
Pristine 10.8 18.9 20.0 05 49.8
+20°C 10.1 4.0 2.1 0.9 82.9
-100°C 31.0 5.3 14.9 23.0 25.8

Table 2: Concentration of major elements in atomic percentage (At.%) on a pristine sample

and on the samples treated by a CHF3s/Ar plasma at +20°C and -100°C

16



In the pristine sample, we can observe peaks attributed to silicon, oxygen and nitrogen coming
from the different layers present at the surface. We also have a little bit of carbon due to
contamination, but the fluorine line is hardly observable and its estimated atomic percentage is
0.5 %. At +20°C, we mainly detect silicon. The atomic percentage of the other elements is
below 5 % except for carbon (10.1 %), again due to contamination or due to remaining carbon
coming from the CHFs/Ar plasma. After the etch experiment at -100°C, we obtained a high
percentage of carbon (31.0 %) and fluorine (23.0 %) which correspond to the CFx deposited
layer. The percentage of nitrogen is below 5%, which indicates that the SisN4 layer has been
etched completely. The oxygen percentage is 14.9%, which probably corresponds to the SiO2

layer under the a-Si layer.
IV. DISCUSSION

By decreasing the substrate temperature from +20°C down to — 130°C, very different behaviors
can be obtained on silicon based materials interacting with CHFs/Ar plasma. At room
temperature, the three types of sample are etched whatever the bias voltage is between -120V
and -40V. At low temperature and a bias voltage of -60V, a deposition regime is obtained on
SiO2 and Si, but not on SisNa4 leading to an infinite etch selectivity. In a previous paper®*, we
have reported quasi in-situ experiments and showed that the concentration of the different
species present at the surface after a SiF4/O2 plasma could be significantly modified by
decreasing the temperature to very low values (typically -100°C). In particular, the fluorine
concentration was much higher at -100°C than at -65°C or -40°C. This effect was attributed to
SiFx physisorption, which seems to be more efficient at very low temperature, favoring
reactions with oxygen at the surface to form the SiOxFy layer. Using CHFs/Ar plasma instead
of SiF4/O2 plasma, we can assume that CFx species have a longer residence time at the surface
at low temperature, favoring polymerization mechanisms. This can explain the enhanced

deposition under low temperature and low self-bias voltage conditions for all materials.
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However, this deposition regime is not systematically observed in the case of SisNs at low
temperature, for which etch regime is still observed, but at a lower rate. In the case of SizNa,
the consumption of fluorine seems to be more pronounced, probably due to the formation of

NFs. But, a deposition regime should be reached for a higher flow of CFx at the surface.

A higher etch selectivity between SisNs and a-Si at low temperature in a SiF4/O2 plasma has
already been reported %. But, this higher selectivity was obtained at a temperature of -65°C
whereas it collapsed at -100°C. The results were interpreted after in-situ XPS analysis, which
showed that the fluorine concentration at the surface was quite different on the two surfaces of
a-Si and SisNs at -65°C. In the case of CHFs, we can assume that the surface chemical
composition should also vary versus temperature, as it has been shown as well by Hsiao et al.

in CFa/H2 plasma.

As shown in figure 4, it is possible to avoid deposition on p-Si or on SiOz, and switch to etch
regime by increasing the bias voltage. The threshold voltage between the two regimes increases
as the temperature decreases. However, at high enough bias voltage (|Vbias| >100V) we could
observe a collapse of the SisN4 etch rate when decreasing the temperature from -100°C
to -130°C whereas etch rate of p-Si tends to increase. It should be noted that the SisN4 etch rate
decreases quite linearly with temperature (see figures 3c and 3d). This point is not yet quite
well understood, but it could be due to the presence of water at the surface, which starts to
physisorb more significantly in this range of temperature at the working pressure of the
experiment 3¢, and could modify the chemical kinetic at the surface. In particular, the
concentration of the different bonding structures in SisN4 (Si—H or N-H) can play an role H
important role as mentioned in 33, exhibiting an opposite tendency as a function of substrate
temperature. It is worth noting that the etching selectivity between SisN4 and p-Si can be
inversed at -140°C at high bias voltage (|Vbias| >100V) whereas all other experimental

conditions are kept the same.
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V. CONCLUSION

Cryogenic etching was performed using CHFs/Ar plasma on 3 different types of silicon based
materials: SiO2, SisN4 and p-Si or a-Si. By decreasing the temperature down to a value
between -60°C and -120°C, an infinite etch selectivity can be obtained between SisN4 and Si
or SiO2 at a bias voltage of the order of -60V. At very low temperature (-140°C) and a high bias
voltage (-120V), the selectivity can be inversed. At -120V bias voltage, the SisN4etch rate first
increases by decreasing the temperature, and suddenly drops by lowering the temperature until
reaching a very low etch rate. The threshold between etch and deposition regions was plotted
versus bias voltage and temperature for the three types of material. At -100°C, the threshold
gap between SisN4 and the two other materials is wider in bias voltage, which offers a quite
interesting process window to maintain the etch selectivity. At this temperature of -100°C, in-
situ ellipsometric measurements were carried out showing that deposition starts immediately
when the plasma is initiated on Si at low temperature, but with a delay of few seconds on SiO2
at low temperature. In-situ measurements were also performed on a layer stack composed of
SiO2, a-Si and SisN4 at +20°C and -100°C. At low temperature, deposition occurs on a-Si as
soon as the whole SisNa4 layer is etched whereas the three different layers are etched at room
temperature. EDS analysis gave very consistent results showing the presence of fluorine and
carbon on the sample treated at low temperature, whereas silicon was mainly detected on the
sample treated at room temperature. The temperature of the sample offers another set of very
interesting and promising process opportunities in the cryogenic range to modify the chemistry
at the surface. The residence time of radicals provided by the plasma can be longer and favor
some chemical reactions. In the case of CHF3, polymerization is favored at low temperature on
silicon and SiOz. On SisNa, this mechanism does not occur at the same temperature, showing

that the chemistry at the surface is quite different.
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