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ABSTRACT

Ultraviolet (UV) absorption spectroscopy is used to monitor the CF radical density in CF, inductively coupled plasma (ICP) plasmas as a
function of the substrate temperature. The CF density decreases dramatically when the wafer temperature is reduced from 20 to —130°C by
applying identical plasma conditions, demonstrating that the CF surface sticking coefficient increases as the surface temperature is reduced.
This suggests that CF4 plasma could be used to form sidewall passivation layers and perform anisotropic etching at cryogenic temperature,
which is impossible at room temperature. Subsequently, a cyclical Bosch type etching process of silicon was evaluated at —100 °C using CF,
plasma to passivate the trench sidewalls. Anisotropic etch profiles were obtained with an etch rate of 4.4 ym/min. Compared to a typical
Bosch process using highly polymerizing c-C4Fg plasma, chamber wall contamination could be significantly reduced, alleviating a major issue
of this cyclic process. Furthermore, CF, has a 28% lower global warming potential than c-C,Fs.

In most plasma etching processes, the etching anisotropy relies
on the formation of protecting passivation layers on the feature side-
walls. These layers are formed by the deposition of plasma radicals and
prevent the sidewalls from lateral etching. Their formation and control
are considered as a challenge in high aspect ratio feature etching (such
as silicon trenches). Furthermore, due to the necessity to form passiv-
ation layers, most fluorocarbon plasma conditions are such that the
plasma tends to deposit “polymer” on all the surfaces that are not
bombarded by energetic ions. For instance, polymer deposition on the
reactor walls is known to be a serious issue for process reproducibility
and defectivity (particles flake off)."® Reactor cleaning treatments
between each processed wafer are typically used to minimize these
issues but reduce the reactor throughput and have a significant cost
(both financially and environmentally). Deep silicon etching of high
aspect ratio features is important in many applications such as TSV,
MEMS, or DRAM devices fabrication.” ' It has been carried out by
using the so-called Bosch process for 30 years. This process consists of
a cyclic repetition of an etching step using SF¢ plasma followed by a
fluorocarbon plasma step to passivate the trench sidewalls and ensure
the etching anisotropy. It is more robust than the standard cryoetching
process, which uses a continuous SF4/O, plasma to produce smooth
sidewalls through SiO,F, passivation at around —100°C.

This technique was developed by Laermer and Schilp” who evalu-
ated different fluorocarbon gases for their ability to passivate silicon at
ambient temperature.” It resulted that c-C,Fs was the best candidate
out of a list including also CHF;, C,H,F,, CsFs, C,Fs, and CyFpof
Since then, almost all processes developed with this technique include
c-C4Fg as a passivation gas and are performed at ambient tempera-
ture.””'* However, a major drawback when using these fluorocarbon
gases in high density plasmas is the rapid contamination of the cham-
ber walls with the formation of a thick fluorocarbon polymer layer.
The high polymer deposition rate is due to the low F/C ratio of the
parent gas and/or to the presence of hydrogen that scavenges fluorine
atoms from the plasma by forming HF. As a result, there are not
enough fluorine atoms available in the plasma to etch back the carbon
that deposits continuously on the reactor walls in the form of C,Fy rad-
icals and ions.'”"”

By contrast, CF, plasmas tend to be deposition free owing to the
high F/C ratio in the parent gas: the fluorocarbon species that deposit
on the surfaces are rapidly captured back in the plasma in the form of
CF, or CF, volatile etch products. The high density of F atoms gener-
ated in CF, plasmas is, thus, useful to prevent polymer formation on
the reactor walls, which stay clean or only get weakly contaminated. It
also leads to faster etch rates at room temperature."”ls However, this

Appl. Phys. Lett. 126, 031602 (2025); doi: 10.1063/5.0245217

This is the Accepted Manuscript version —post-print— of an article accepted for publication in Applied Physics Letters. This article may be downloaded for personal use only.
Any other use requires prior permission of the author and AIP Publishing.This article appeared in J. Nos, S. Iseni, M. Kogelschatz, G. Cunges, P. Lefaucheux, R. Dussart,
T. Tillocher and E. Despiau-Pujo, “Cryogenic cyclical etching of Si using CF4 plasma passivation steps: The role of CF radicals", Appl. Phys. Lett. 126(03), 1602 (2025),
and may be found at doi:10.1063/5.0245217. AIP Publishing is not responsible for any errors or omissions in this version of the manuscript or any version derived from it.



https://doi.org/10.1063/5.0245217
mailto:jack.nos@univ-orleans.fr
https://doi.org/10.1063/5.0245217
https://doi.org/10.1063/5.0245217

This article is selected by the editors as: APL Featured Collection

Applied Physics Letters

is at the detriment of the etching anisotropy since no sidewall passiv-
ation layer is formed to prevent lateral etching in this chemistry. CF,
can be combined with other gas compounds such as H, or NHj, as it
was reported for thin-film deposition or surface modification in ALE
applications,””” but it would again result in C;H,F, deposition on the
reactor walls. It shall be underlined that most papers reporting on
plasma surface interactions in CF, plasmas deal with experiments that
were carried out at room temperature. However, it is well known that
the decrease in substrate temperature can enhance fluorocarbon con-
densation and passivation reactions. For c-C4Fg, several studies showed
that a lower substrate temperature leads to thicker fluorocarbon pas-
sivation layers under otherwise identical plasma etching condi-
tions.”"”* However, there are no detailed studies reporting on the
impact of surface temperature on the shift of the polymerization/etch-
ing equilibrium of fluorocarbon plasma processes. In particular, the
sticking coefficient of several reactive species including CF, radicals
was shown to increase when the surface temperature is reduced,'”***
but the impact of surface temperature on the CFy layer formation was
not investigated. The purpose of this study is to evaluate the impact of
substrate temperature on the density of CF and CF, radicals in a CF,
high density plasma process. These two radicals are detected by broad-
band ultraviolet (UV) absorption spectroscopy (UVAS).””* Based on
our observations, we will, in a second step, discuss the development of
a Bosch type process using CF, as a passivation gas at —100 °C.

The experiments were performed using an Oxford Instruments
Plasma Pro 100 Cobra inductively coupled plasma (ICP) reactor, which
disposes of a mechanical clamping cryogenic chuck cooled with liquid
nitrogen, as described in Ref. 21. UVAS measurements were realized
under the same CF, plasma conditions but with two different chuck
temperatures of 20 °C and —130 °C. The removal of the wafer clamping
crown was necessary to prevent the optical beam vignetting by the
chuck. As a result, the acquisitions were performed using a 150 mm
diameter Si wafer, which was fixed to the chuck using the kapton tape.
Every acquisition was preceded by an O, plasma process to clean the
ICP chamber and to remove any fluorocarbon layer that would have
formed on the Si substrate during the previous experiment. A helium
backing pressure of 500 Pa was fixed during the process tests to allow
thermal transfer between the chuck and the substrate. The UVAS mea-
surements were performed using a Hamamatsu Energetiq ED-99X-FC-
S laser-driven light source (LDLS™)) and a Princeton Instruments
Acton Spectra Pro SP 2750 750 mm triple grating imaging spectrometer
equipped with a Pylon-400B CCD detector.”** The light signal was col-
limated and passed through the ICP reactor at a vertical distance of
1.25 cm above the substrate holder inside the chamber. At this level, the
reactor diameter is equal to 38.0 cm. However, two external vacuum
tubes with a diameter of 1 cm and a total length of 25 cm were added to
the reactor openings to limit fluorocarbon plasma deposition, thus trans-
mission variations on the quartz windows. The total optical path is, thus,
of 63 cm. Absorption spectroscopy acquisitions were performed in a
pure CE; plasma (50sccm; Chamber pressure: 4.0 Pa; ICP Power:
1500 W; No bias power). The acquisitions were launched once the
reflected ICP minimal power reached a stable minimal value. Figures 1
(a) and 1(b) show the transmission spectra obtained, respectively, in the
CF and CF, radical absorbance regions. In each case, the UV absorption
spectra were acquired for two different substrate temperatures of —130
and 20°C under otherwise identical plasma conditions. These absor-
bance spectra A were obtained from 4 separate measurements and are
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related to the absorption path L, absorption cross section ¢, and absorb-
ing species density n through the Beer-Lambert law [Eq. (1)]:

fln(ILP_IP) = fln(I—T) =A=0-n-1L, (1)
I — I Iy

where I;p is the signal acquired with both the lamp and the plasma
ON, I is the plasma emission measured with the lamp OFF (using a
shutter), I, is the lamp signal measured with the plasma OFF, and Ipg
is the background measured with the lamp and the plasma OFF. By
integrating Eq. (1) over an entire rovibronic transition [Eq. (2)], one
can then deduce the absolute density n of the absorbing species know-
ing the oscillator strength f,,».

JIOI 47 = 8.85x 1072078 - fyyr - - L. )
0
According to Luque et al.’° for the CF A-X[1,0] transition around
Ao = 223.9 nm shown in Fig. 1(a), the value of the oscillator strength
£,y is 4.76 x 1072. Since CF is reactive on surfaces,"” we assumed that
its density rapidly drops inside the high aspect ratio tubes that separate
the plasma chamber from the UV windows, and we, thus, consider an
absorption path of L = 38 ¢m, which corresponds to the reactor diam-
eter. The integrated absorbance between 222 and 224.5nm is
8.0 x 107°, leading to an absolute CF density of about n =
1.0 x 10% cm™ at 20°C. At —130°C, the integrated absorbance is
4.86 x 1072 and n = 6 x 102 cm 3. Therefore, the substrate cooling
has a significant impact on the CF radical density in the plasma near
the wafer surface level as it drops by roughly 40% at —130°C.

By contrast, Fig. 1(b) shows that the absorption spectrum of the
CF, A-X is almost independent of the substrate temperature. For the
determination of CF, radical absolute density, we used the cross sec-
tion reported by Sharpe et al.” and later analyzed into more detail by
Bulcourt et al,”® which is ¢ =291 x 1077 cm? at 249.0 nm.
Considering the fact that CF, does not stick on surfaces, an absorption
path of 63 cm was chosen (reactor diameter + optical tubes). It leads
to a CF, density of 1.70 x 10'* cm 2, which is almost independent of
the substrate temperature. Indeed, only minor differences are observed
in the two spectra measured at 20 °C and —130 °C. They can be attrib-
uted to a small uncertainty on the baseline of this wideband absorption
spectrum caused by fluctuation of the lamp source emission spec-
trum.”* The only significant difference is a slightly higher absorption at
20°C around 25946, 262.8, and 266.3nm, which corresponds to
absorption from the first populated vibrational level of CF, (A(0,v,0)
«— X(0,1,0)). It is beyond the scope of this paper to discuss this obser-
vation, but since CF, is partly produced on surfaces, it suggests that a
cold surface reduces the production of vibrationally excited CF,.

The absolute values of the CF and CF, density measured under
our conditions are very close to those deduced by Booth et al.”” under
similar plasma conditions (CE4 ICP plasma at 30 mTorr) applied on a
substrate at room temperature. The striking feature in our result is that
the substrate temperature has a significant impact on the CF radical
density but not on the CF, radical density. This correlates with the
well-known fact that CF sticks on surfaces, while CF, is typically pro-
duced by surfaces (by carbon etching reaction and ion
neutralization).”"”

From in situ ellipsometric measurement realized on the sticked
6" Si wafer using the modeling conditions detailed in Ref. 21, we
observe CF, polymer deposition on the wafer at a rate of about
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FIG. 1. Absorption spectra measured in a CF, plasma (50 sccm, 4 Pa, 1.5kW ICP power, no bias power) for chuck temperatures of 20°C and —130°C. (a) A 22— X 2IT

(1,0) transition of CF and (b) A(0, v, 0) < X(0, 0, 0) transition of CF,.

2.6nms ' at —130°C, yet no polymer accumulation is detected at

20°C. In heavily dissociated ICP fluorocarbon plasmas, the polymer
precursors are expected to be C, CF, and CXFY+ ions. The thermal flux
of CF (assuming a gas temperature of 450 K near the surface) is about
1.0 x 10¥cm~2.s7! and is one order of magnitude higher than the
ion flux. Since the carbon atom density is not expected to be high, CF
is, thus, expected to be the main precursor of CFy film formation at
low temperature. Indeed, by considering that the cold wafer area is
small compared to the total chamber wall surfaces (which stay at room
temperature), the observation of a 40% drop in the CF density when
the substrate is cooled from room temperature to —130°C implies
that the surface loss rate of CF radicals increases strongly at low tem-
perature, and that CF participates significantly to polymer deposition
on cold surfaces. It remains difficult to estimate a true CF surface stick-
ing probability from our data because the net CF, polymer deposition
rate measured by ellipsometry results from a deposition/etching com-
petition: a significant part of CF radicals that are lost by sticking at the
surface do not stay there but are recycled in the plasma in the form of
CF, and CF, volatile products following CF, polymer ion-enhanced
etching by F atoms. Nevertheless, by neglecting this important etching
component, we can provide a rough estimation of the CF surface loss
probability: we need a 10% sticking probability to explain the mea-
sured deposition rate [assuming a film density around 2 g.cm > (Ref.
35)]. This sticking probability is already quite high, and as discussed
earlier, it is probably underestimated since the film etching by F atoms
is not considered in the calculation. We, thus, concluded that CF radi-
cals play a major role in polymer film formation on cold surfaces.
Following the observation that CF, plasma shifts to a polymeriz-
ing regime on low temperature surfaces, it was decided to evaluate the
feasibility of using pure CF, plasmas to etch silicon anisotropically at
cryogenic temperatures by implementing a Bosch type process. As a
starting point, we simply replaced ¢-C,Fg by CF, in a Bosch process,
which was studied at —100 °C in Ref. 21. No intermediate steps were
placed between the passivation and etching steps. The exact process
parameters that were tested are listed in Table I. To evaluate the pro-
cess etching anisotropy, we used 3 x 3 cm® Si samples with a patterned
1.2 um thick SiO, hard-mask. The mask consists of an array of
trenches with different width openings ranging from 2 to 10 um. The

samples were glued on SiO, 4” carrier wafers using a specific thermal
glue. A helium backing pressure of 1300 Pa was fixed during the etch-
ing tests (where the clamping crown removed for UVAS was rein-
stalled). A thermalization period of 5min was fixed for the etching
tests realized at —100°C to enable the substrate to cooldown. The
chamber pressure for etching and passivation steps was fixed using an
automatic pressure controller (APC) rotating valve. A limit of 200
etching/deposition cycles was set in order to obtain significantly deep
features, which could be compared to each other by scanning electron
microscopy (SEM) (using a Zeiss SUPRA 40). The etch profiles
obtained on 6.0 um wide trenches are shown in Fig. 2 at 20°C (2.a)
and at —100°C (2.b). A closer view of the etch profile obtained at
—100 °C near the mask area is shown in Fig. 2(c).

It is observed that CF, plasma sidewall passivation is considerably
enhanced at —100 °C. Indeed, isotropic etch profiles are observed at
room temperature [Fig. 2(a)], whereas quasi-anisotropic etch profiles
were obtained at —100°C under the same plasma conditions
[Fig. 2(b)] with aspect ratios ranging from roughly 26:1 to 8:1. The
etch profiles are slightly negative but with a constant angle, which sug-
gests no gradual alteration of the etching/deposition equilibrium
throughout the process. An etch rate of approximately 4.4 um/min
was determined in Fig. 2(b), which corresponds to the etch rates that
were observed when using ¢-C4F gas in similar process conditions.”'
Scalloping marks are observed in Fig. 2(c), which are testimony of an
adequate fluorocarbon passivation in these process conditions. By con-
sidering the amount of SiO, hard-mask that was etched during the
process, a Si:SiO, etching selectivity of roughly 80:1 is evaluated.

Complementary tests were realized on a SiO, blanket sample
glued on a 4" Si wafer carrier. With the same plasma process parame-
ters as those applied during the UVAS experiments (50sccm CFEy,
4Pa, 1500 W ICP power, no bias power), using this time a helium
backing pressure of 1300 Pa, a fluorocarbon layer deposits at a rate of
roughly 360 nm/min at —130°C, which was characterized both by
SEM and in situ ellipsometry. Subsequently, by applying the same CF,
plasma process, this time at ambient temperature, the CF, layer is
removed from the sample at a rate of approximately 37 nm/min,
before etching the SiO, layer at a rate of roughly 4 nm/min. These
results demonstrate that no fluorocarbon contamination of the

Appl. Phys. Lett. 126, 031602 (2025); doi: 10.1063/5.0245217

This is the Accepted Manuscript version —post-print— of an article accepted for publication in Applied Physics Letters. This article may be downloaded for personal use only.
Any other use requires prior permission of the author and AIP Publishing.This article appeared in J. Nos, S. Iseni, M. Kogelschatz, G. Cunges, P. Lefaucheux, R. Dussart,
T. Tillocher and E. Despiau-Pujo, “Cryogenic cyclical etching of Si using CF4 plasma passivation steps: The role of CF radicals", Appl. Phys. Lett. 126(03), 1602 (2025),
and may be found at doi:10.1063/5.0245217. AIP Publishing is not responsible for any errors or omissions in this version of the manuscript or any version derived from it.



https://doi.org/10.1063/5.0245217

This article is selected by the editors as: APL Featured Collection

Applied Physics Letters

TABLE . Set of CF,/SFg Bosch process parameters tested to study the impact of
substrate temperature on the etch profiles.

+20°Cor —100°C
Temperature (°C)

200 Bosch cycles (16 min 40 s)
Process duration

Process step

Etching step  Passivation step

Gas SFe CF4
Flow (sccm) 300 sccm 20 sccm
Step time (s) 3s 2s
Pressure (Pa) ~3.0 Pa ~1.0 Pa
Source power (W) 1500 W 1500 W
Bias power (W)/Bias 15 W/=135V 15 W/=65V

voltage measured on a Si wafer (V)

chamber walls should result from the application of this process at low
substrate temperatures.

In conclusion, our results show that the substrate temperature, if
it can be reduced to cryogenic range, allows us to induce a transition
from Si etching by F atoms at ambient temperature to CF, polymer
deposition at low temperature when applying a CF, plasma process.
This effect is attributed (at least partly) to a large increase in the surface
sticking probability of CF radicals on the cold wafer surface. Since the
feature sidewalls are not bombarded by ions, and CF, sticking proba-
bility does not increase at low temperature, it is expected that CF radi-
cals (and possibly C atoms) play a major role in the passivation layer
formation at cryogenic temperatures. It is also expected that the net
deposition rate of CF polymer (which results from an etching/deposi-
tion competition) is increasing because the CF, film chemical etching
rate by F atoms should also drop when the temperature is decreased.

In terms of plasma processing, our results have important implica-
tions. The first obvious one is the possibility to design Bosch like pro-
cesses in which ¢-C,Fy is replaced by CF,. This should alleviate a major
issue of the Bosch process: the contamination of the chamber walls by
heavy deposition of CF, film, which is a major concern in terms of pro-
cess throughput and reproducibility. Indeed, from our results, the CF,
plasma is not expected to deposit any polymer on the reactor surfaces,
which are at room temperature. Furthermore, CF, has a 28% lower

a b
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GWP than c-CFs.”"*" Additional optimization is needed to ameliorate
the anisotropy of etch profiles at —100 °C. Possible solutions include the
increase in the passivation step duration and/or decrease in the etch step
duration. Contrarily to the standard cryoetching process, our results give
hope that similar etch profiles could be obtained using CF, fluorocarbon
passivation at intermediate substrate temperatures, where chillers could
replace liquid nitrogen-based cooling systems.

More generally, this work suggests that the reduction of substrate
temperature offers numerous processing opportunities due to
enhanced passivation reactions with the cooled substrate. It may con-
tribute to reduce the consumption of necessary gases for a variety of
processes. In this case, it also shows that process gases that are not suit-
able at ambient temperature may be used at cooler temperatures to
obtain similar etch results. This opens up interesting perspectives
toward cost reduction and environmental compliance solutions.
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